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The reacting jet in crossflow (JICF) configuration has been extensively studied over the past
decades, due mostly in part to its relevance to practical combustion systems. Though geometrically
simple, the interaction between jet and crossflow generates a complex flow field and strong mixing
processes that have been shown to help reduce harmful NOx emissions exhausted from gas turbine
combustors. The work presented in this dissertation examines the flow field and flame stabilization of
lean and rich premixed jets injected into a hot vitiated crossflow composed of fuel-lean combustion
products. Until recently, much of the reacting JICF research has focused on non-premixed
configurations; the detailed study on the premixed JICF configuration here is one of the first to be
conducted.
The jet was injected perpendicular to the crossflow in a rectangular duct with jet-to-crossflow
momentum flux ratios ranging from 5 to 23 and jet equivalence ratios ranging from 0.8 to 1.2. For
examining the premixed JICF flame and flow field behavior several different diagnostic techniques were
employed, including: high speed chemiluminescence imaging, high speed particle image velocimetry
(PIV), and simultaneous PIV, formaldehyde (CH2O) Planar Laser Induced Fluorescence (PLIF), and
hydroxyl (OH) PLIF. Laminar flame computational analyses were also conducted to further examine
the flame behavior and assess the accuracy of the diagnostic methods.
The flow field behavior was compared for a non-reacting and reacting jet in vitiated crossflow.
Increased dilatation caused by combustion increased the strength of the jet such that, shear layer
vorticity and jet penetration were higher for the reacting jet. Power law correlations for non-reacting
JICF trajectory, taken from the literature, were found to over-predict the experimental non-reacting jet
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trajectories due to the strong degree of confinement present in the experimental configuration. New jet
trajectory correlations were developed, to fit both the experimental non-reacting and reacting trajectory
data, to account for the effects of confinement.
In the case of reacting JICF, the flame was found to have two separate stabilization points, one
on either side of the jet centerline. The windward flame stabilization was characterized by three distinct
behaviors: complete flame attachment, an unsteady lifted flame, and windward blowoff. The average
windward flame edge was lifted for all momentum flux ratios tested and the liftoff height showed strong
dependence on both momentum flux ratio and jet equivalence ratio. The leeward flame branch
consistently stabilized above the jet exit. Simultaneous PLIF-PIV imaging showed that both the
windward and the leeward flame branch anchored in the jet shear layer; however, for stoichiometric and
rich equivalence ratios the flame surfaces away from the anchoring point were able to separate from the
shear layer. High speed PIV measurements suggested that auto-ignition was the most likely stabilization
mechanism for the windward flame branch, when the flame resided in the shear layer. This was further
confirmed by visualization of auto-ignition kernels in the chemiluminescence and PLIF images.
Premixed flame propagation was determined to be the mechanism controlling flame stabilization when
the flame resided away from the shear layer. Recirculation of hot combustion products in the jet wake
was thought to be the primary mechanism supporting flame stabilization along the leeward shear layer.
Computational analyses were performed to assess the use of two-dimensional dilatation for heat
release marking. The presence of chemical reaction led to an increase in dilatation; however, the
dilatation and heat release behavior was not consistently proportional as both temperature gradients and
heat release affected the overall dilatation. Both strain-rate and dilution of jet reactants by crossflow
fluid caused a decrease in the peak dilatation from the unstretched, undiluted laminar flame condition.
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CHAPTER ONE:
1. Introduction
Introduction
In the past several decades, experimental research on reacting Jet-In-Cross Flow (JICF) has been
conducted primarily for non-premixed systems where the jet fluid is pure fuel or oxidizer.
Understanding of such flow configurations has been vital for the development of current combustion
technologies such as the GE Twin Annular Premixed Swirler (TAPS) and Rich-Burn, Quick-Quench,
Lean-Burn (RQL) combustors [1], [2]. In these practical combustors, the JICF has played a key role in
reducing the formation of harmful NOx pollutants. However, stricter regulations on acceptable
pollutant emission levels are being put in place, and as a result new technologies must be developed to
meet these new emission standards.
Currently, engineers are investigating the feasibility of developing combustors that operate at
lean, premixed conditions [3]. Control over the stoichiometry in the combustor is important, as it allows
for increased control over the pollutant emissions formation throughout the combustor. Conceptually,
lean premixed combustion systems offer advantages in terms of pollutant emissions including soot,
however, concerns exist in the safety and reliability of operating a combustor at lean, premixed
conditions. Flame flashback, blowoff, and acoustic instabilities can arise with lean, premixed (LPM)
combustion. Additionally, in practical applications, air entering the combustor is highly heated such that
auto-ignition in the premixed injector can occur. The experiment presented in this paper is a novel
configuration, in which a premixed jet is injected into a cross flow composed of the hot products of fuellean combustion. The interaction of the premixed jet with hot crossflow generates a highly complex
1

turbulent reacting flow field, and so to properly understand and study this system, knowledge of general
JICF behavior, turbulent premixed reacting flows, and auto-ignition is required.
In this dissertation results from an in-depth analysis of the flow field and flame stabilization
behavior for premixed reacting jet in a vitiated crossflow will be provided. The premixed JICF has been
studied experimentally through use of advanced optical diagnostic techniques including, high speed
chemiluminescence imaging, high speed particle image velocimetry (PIV), and simultaneous PIV,
hydroxyl (OH) Planar Laser Induced Fluorescence (PLIF), formaldehyde (CH2O) PLIF. The diagnostics
employed allowed for visualization of flame structure, flame location, and flame-flow field interactions.
The effects of jet equivalence ratio ϕj and jet-to-crossflow momentum flux ratio (J) on flame behavior
were examined. The most significant experimental efforts were devoted to understanding of the
underlying flame stabilization mechanism(s). Additionally, the effect of lateral confinement on the JICF
flow field was studied, as JICF applications in practical combustors are often constrained by space
requirements. To aid in interpretation of the experimental results, numerical simulations were also
performed. The laminar flame simulations provided necessary insight into premixed flame propagation,
auto-ignition, and flame extinction behaviors.
The remainder of the Introduction section will include a brief review of the physics of nonreacting JICF (1.1), an explanation of premixed flames (1.2) and auto-ignition (1.3), a brief review of
up-to-date reacting JICF research (1.4), and a description on the utilization of simultaneous OH/CH2O
PLIF imaging in reacting flows (1.5).
1.1 Non-Reacting Jets-In-Crossflow
Non-reacting JICF research has been conducted for the past several decades, which has led to the
understanding of key physics in the highly complex flowfield.

Several review papers have been

published on the comprehensive non-reacting JICF research [4], [5]. In general, the non-reacting JICF
2

flow field is characterized by four dominant mixing structures, as shown in Fig. 1.1: the horseshoe
vortex system, the jet shear layer vortices, the wake vortices, and the counter-rotating vortex pair (CVP)
[6]. The horseshoe vortex system forms upstream of the jet exit and wraps around the main jet column.
Because the jet acts as an obstacle to the crossflow, an adverse pressure gradient is created just upstream
of the jet. This strong pressure gradient causes the crossflow boundary layer flow approaching the jet to
separate and roll up. Advection by the crossflow pulls the vortex around the jet column creating the
horseshoe like appearance, as pictured in Fig. 1.1 [6], [7]. The jet shear layer vortices are found in the
jet-crossflow boundary, most noticeably along the windward shear layer. The behavior of these vortices
is often compared with Kelvin-Helmholtz instability. The upright wake vortices appear as tornado-like
vortices that stretch from the bottom wall to the main jet column, downstream of the jet exit. Through
various smoke injection studies, Fric and Roshko [6] were able to visualize the wake vortices, and
concluded that wake vortices result from entrainment of the crossflow boundary layer by the
downstream region of the jet. Both the jet shear layer vortices and wake vortices are the primary
mechanisms responsible for crossflow entrainment in the jet nearfield.
The CVP is responsible for a majority of the jet in crossflow mixing, specifically in the
downstream region. The CVP forms as a result of the impulse that the jet imparts on the crossflow. The
initial formation of the CVP is highly correlated with the jet shear layer behavior in the jet nearfield. As
a result, the formation of the CVP is also linked with the efficiency of the jet near field mixing. The
CVP structure continues to grow along the jet trajectory until it is the dominating flow structure
downstream [6].

3

Fig. 1.1: Four main flow structures observed in non-reacting JICF, adapted from [8].

The primary parameter that has been used to characterize different behavior observed in nonreacting JICF experiments is the jet-to-crossflow momentum flux ratio, J:

(1)
The jet fluid density is represented by
and crossflow velocity are represented by

, the crossflow density is represented by
and

, and the jet

, respectively. In flows where the jet and the

crossflow mixtures have equivalent density, the jet-to-crossflow velocity ratio becomes the controlling
parameter.
From non-reacting JICF experiments, correlations for the trajectories of maximum jet velocity,
temperature maxima and minima, as well as other scalars have been developed. The most common
correlation for describing jet trajectory was developed by Pratte and Baines [9], who found that the jet
trajectory is a function of J and the jet diameter, d:
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√

(

√

)

(2)

where x and y are the coordinates along the crossflow and jet directions, respectively, as shown in Fig.
1.1. In their experiment, Pratte and Baines [9] found that the values for A and B were 2.05 and 0.28
respectively, for J ranging from 25 to 1225; however, values of A and B reported in the literature can
vary over the range of 1.2 < A < 2.6 and 0.28 < B < 0.34 [10]. Scatter in the values of the constants can
be attributed to differences in the jet exit velocity profile, crossflow boundary layer behavior, and
definitions used for the jet trajectory (i.e. jet center streamline, velocity maxima, scalar concentrations).
Kamotani and Greber [11] proposed another correlation after finding that the value for A was also a
function of J. Their correlation takes the form,

√

√ (
√

)

(3)

where a, b, and c are constants that depend on whether the velocity or concentration maxima is used to
define trajectory. Kamotani and Greber [12] also studied the effect of confinement on jet trajectory for a
single non-reacting jet in crossflow. In these experiments the velocity and temperature jet trajectories
were compared for JICF configurations with no opposing wall, and an opposing wall providing lateral
confinement to the jet penetration. It was found that the jet trajectory was relatively insensitive to
opposing wall location for J < 20 and was only slightly affected for J > 70, when the jet collided into the
opposing wall. In the experiment, lateral confinement was varied from 16 jet diameters down to 8 jet
diameters. In addition, at the high momentum ratios, upstream jet flow recirculation was observed near
the opposing wall.
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1.2 Premixed Flames
An important first step in understanding the behavior of the premixed reacting JICF is to have a
strong background in premixed flame behavior. In this section, a brief review on premixed flame theory
is presented. The review will be limited such that it will focus only on the background information most
pertinent to the premixed JICF experiment.
Understanding premixed flames starts with a look at structure of a one dimensional
unstretched, laminar premixed flame, as pictured in Fig 1.2. The axial profiles of reactant concentration
(Yreactants), temperature, and heat release were computed for an ethylene-air mixture (equivalence ratio,
ϕ=1.2) using CHEMKIN-PRO 1-D PREMIX code [13], with the USCII mechanism [14]. In Fig. 1.2,
two separate regions are highlighted, namely the preheat region and reaction zone. The preheat region is
dominated by both heat and mass diffusion [15], with thickness denoted

. Mass diffusion is driven by

the gradient of reactant concentration generated as a result of the consumption of reactants by the
chemical reaction. Similarly, the heat diffusion is driven by temperature gradients generated as a result
of the temperature increase due to reaction. A formulation for laminar thermal diffusion thickness was
developed by Law [15] and in its simplest form is described as,

(

⁄

)

(4)

where, Tu and Tb represent the unburned mixture and the burned mixture temperatures, respectively.
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Fig. 1.2: Axial profile of laminar premixed flame structure for an ethylene-air mixture (ϕ =
1.2) computed from CHEMKIN 1-D PREMIX simulation.

The preheat zone is followed by the reaction zone, where the bulk of heat production occurs.
The reaction zone is typically much thinner than the preheat zone, and it is the region in which reaction
rates peak and the reactant concentration rapidly depletes. The thickness of the reaction zone is denoted
. The gradients of temperature and species are very large in the thin reaction region, and the gradients
become the driving-forces that allow the flame to be self-sustaining. If the flame in Fig. 1.2 is fixed in a
stationary reference frame, it is known that the unburned reactants approach the adiabatic, unstretched,
laminar flame, at the laminar flame speed denoted

. For hydrocarbon flames, values for

are

typically on the order of 1-100 cm/sec [15].
In most practical situations, laminar flames are rarely adiabatic and unstretched. Non-adiabatic
flames can result from a combination of radiative heat loss to the surrounding environment, conductive
heat loss to the recant and product streams, and tangential conduction along the flame front. Nonuniformities in the flow field are primarily responsible for stretching the flame. In the limit where the
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flame is much thinner than the hydrodynamic length scale of the accompanying flow, the flame can be
treated as a single propagating surface (

). The flame stretch for the condition where

is

referred to as hydrodynamic flame stretch. Velocity gradients tangential to the flame surface cause the
flame surface to change, and effectively alter the flame surface area. The flame surface is also affected
by gradients in normal velocity, as the flame must adjust its position to achieve dynamic balance
between its local flame speed su and the flow velocity normal to the flame surface.
In the case in which the preheat zone and reaction zone thicknesses are considered, gradients in
normal and tangential velocity can affect the transport of energy and species to and from the flame. By
affecting the heat loss and mass flux, the burning intensity is also affected. This example of stretch is
referred to as flame stretch [16]. The hydrodynamic stretch and flame stretch are ultimately coupled, as
the former affects the stretch intensity within the flame surface, while the latter affects the propagating
speed of the hydrodynamic flame surface.
Mathematically, stretch rate is defined as,
(

where

)

( ̂ (̂

)⃗

⃗ )

̂

(5)

is the area of a flame surface element, ̂ is the flame surface normal pointing towards the

reactants, ⃗ is the velocity field vector at the flame surface, and

is the propagation speed of the flame

surface element [17]. In eq. (5) the terms on the right hand side in parenthesis represent the tangential
strain-rate that the flow exerts on the flame surface. Often times it is desired to compute this aerodynamic strain-rate

, from experimental data, and therefore a simpler expression for calculating this

term has been developed,
( ̂ (̂

)⃗

⃗ )

(

)
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(6)

where

is the Kronecker delta function,

is the flame surface normal, and

is the local fluid-

dynamic strain-rate tensor.
The second term on the right hand side of eq. (5) (not in parenthesis) represents the flame
stretch-rate due to curvature of the flame. More specifically, this term represents the change in flame
surface area due to the curved flame surface propagating normally to itself. This termed is represented
by the variable

, (C is for curvature) and can be simply rewritten as,
(7)

The flame surface normal points towards the reactants and the curvature is defined as

̂, so it follows

that C > 0 when the flame is convex to the reactants and C < 0 when concave to the reactants. Positive
curvature (and positive flame stretch) is associated with an increasing flame surface area, while negative
curvature (and negative flame stretch) is associated with a decreasing flame surface area.
Characterization of flame stretch becomes an increasingly important in turbulent premixed flows, where
velocity gradients are high, causing increased aerodynamic strain-rate and flame surface wrinkling [18].
1.3 Auto-Ignition
One of the complexities involved with the premixed JICF experiment presented in this
dissertation is the hot, vitiated crossflow. In gas turbines, flow recirculation of combustion products is
often employed to assist in the continuous ignition of incoming reactants [19], [20]. Depending on the
configuration of the combustor the temperature of the products at the fresh reactant injection location
can vary. In the experiment presented here, the temperature of the vitiated crossflow was 1500K, which
was high enough to provide for auto-ignition. Depending on the application, auto-ignition can be
desired or can be something to avoid. In either instance, characterization of the auto-ignition behavior is
critical to ensure safe system operability.
9

It is difficult to find a simple definition for auto-ignition; instead, it is more feasible to describe
the typical auto-ignition process. Auto-ignition begins with the mild consumption of reactants and slight
increase in mixture temperature. At these moderate temperature conditions, concentrations of preignition species peak [21]. For hydrocarbon fuels, CH2O is one of the most commonly used species for
identification of pre-ignition behavior [22]. The second phase of the auto-ignition process is associated
with thermal runaway and rapid destruction of the pre-ignition and reactant species. The final phase of
auto-ignition is also associated with the rapid formation of OH; it is for this reason that simultaneous
OH PLIF and CH2O imaging techniques are often employed to study auto-ignition behavior [22]. In
reacting flow fields auto-ignition behavior is often observed as localized kernels (independent of any
stabilized flame) [22]–[25]. In the case of the premixed jet in vitiated crossflow, kernel formation can
occur as a result of jet reactants mixing with the hot, vitiated crossflow prior to combustion. The kernel
size and structure can vary depending on a number of flow conditions, however turbulence in particular
has been shown to have a significant effect on ignition kernel structure [26].
Simulations using a homogenous reactor configuration have shown that there is an ideal mixture
fraction, the most reactive mixture fraction, in which auto-ignition time is the fastest for a given fuel and
oxidizer mixture [27]. In most configurations either the oxidizer is heated, or recirculation of hot
combustion products is employed, to provide energy necessary for auto-ignition.

From these

simulations it has been observed that there is a mixture fraction, denoted the most reactive mixture
fraction, at which the ignition delay time reaches a minimum. For configurations in which the oxidizer
is hot and the fuel is cold, the most reactive mixture fraction is most often leaner than the stoichiometric
mixture fraction [27].
The effect of turbulence on auto-ignition behavior can vary, depending on the turbulent
conditions. Weak turbulence can aid auto-ignition, as the mixing between reactants and hot stream (e.g.,
10

oxidizer, vitiated products) is increased relative to a laminar flow.

The faster mixing ultimately

increases the rate at which auto-ignition occurs in the flow. On the other hand, high turbulence can
inhibit auto-ignition. High scalar dissipation rate, associated with highly turbulent flows, can lead to
excessive heat loss (or loss of radical species) during the initial phase of auto-ignition and prevent the
auto-ignition process from completing [26].
Turbulence can also change the structure of the ignition kernel. Figure 1.3, taken from Im et al.
[26], shows the auto-ignition behavior for an H2-O2 non-premixed system under weak turbulence. At
this weak turbulence condition Fig. 1.3(a), auto-ignition occurs across the most reactive mixture fraction
in the form of a single auto-ignition kernel. Under higher turbulence Fig. 1.3(b) auto-ignition still
occurs along the most reactive mixture fraction; however, there is no longer a continuous ignition kernel
but instead, there are several independent kernels that appear in the flowfield. The highly turbulent flow
field leads to localized regions of high scalar dissipation which in turn, leads to more isolated autoignition kernels.
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Fig 1.3: H2-O2 auto-ignition kernel under (a) low turbulence and (b) high turbulence.
White contours are for the H radical mole fraction and color contours are for H radical
mass fraction. The two times series in (a) and (b) represent different instances during the
ignition process. Figure adapted from [26].

Experimental studies on auto-ignition in turbulent flows are conducted most commonly using the
fuel jet in hot air or hot, vitiated coflow configuration. Auto-ignition in reacting JICF flow fields has not
been studied extensively; however, chemical interaction between reactants and vitiated flows in jet-incoflow experiments mimics the chemical processes of JICF auto-ignition, without the added flowfield
12

complexities. Cabra et al. [28], [29] are credited with conducting the first significant studies on
fuel/premixed jets in vitiated co-flow. The sensitivity of the jet liftoff height to parameters such as jet
velocity, co-flow velocity, and co-flow temperature suggested that flame stabilization occurred as a
result of both auto-ignition and edge flame propagation.
Gordon et al. [22] expanded on the work of Cabra et al. presented in [28], [29] using a similar
experimental configuration combined with simultaneous OH PLIF, CH2O PLIF, and Rayleigh imaging.
The simultaneous imaging of OH, CH2O, and temperature allowed for visualization of the formation of
auto-ignition kernels. In the acquired images three primary behaviors were observed: (1) build-up of
CH2O radical pool, (2) initiation of reaction where CH2O peaks, and (3) formation of steady flame
where OH peaks. An example of the results obtained in [20] is shown in Fig. 1.4. The images in Fig.
1.4 capture examples of all the observed behaviors in the experiment. The first set of images in the top
row shows examples of “CH2O only” behavior, where there is build-up of pre-ignition species and
temperature has only slightly increased. At this instance the ignition has not completed. The next four
images show examples of auto-ignition kernels, where localized region of strong CH2O, OH and
temperature are seen away from the lifted flame base. Three different ignition kernel sizes were
observed: small kernel, medium kernel, and large kernel. These images are examples of a completed
ignition sequence. The final two images show the stable flame behavior, away from the lifted flame
base, and indicate that diffusion-flame behavior was primarily observed along the stabilized region of
the flame. In [30] the authors studied the flame stabilization behavior of a diluted (H2, N2, or Air)
ethylene jet in a highly preheated and diluted O2 co-flow. Similar to the results in [22], upstream of the
lifted flame base strong CH2O signal was observed, which indicated the occurrence of pre-ignition
reactions.
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Fig 1.4: OH PLIF, CH2O PLIF, and Rayleigh images acquired for a methane jet in vitiated
coflow. This figure has been adapted from [22].

Studies on fully premixed jet in vitiated coflow are not as common as non-premixed jet-incoflow studies. Dunn et al. [31] used OH PLIF and Rayleigh scattering techniques to examine the flame
behavior of a premixed methane-air jet (ϕ=0.5, 0.6, 0.8) in vitiated coflow. The premixed flame
14

stabilized, lifted above the burner exit. The lifted flame structures resembled those of typical premixed
flames and no investigation of the behavior upstream of the flame base was conducted. The work
presented in this dissertation and in [31] adds an interesting feature to traditional non-premixed lifted
flames studies, in that the reactant stream contains a combustible mixture. Non-premixed jets require
mixing with coflow regardless of temperature; however for premixed jets mixing between reactant
stream and coflow (or crossflow) is not necessarily required.

As will be shown in this dissertation, the

behavior of lifted premixed flames in vitiated crossflow is both similar to, and different than the
behavior of lifted non-premixed flames.
1.4 Reacting JICF
1.4.1 Introduction
The most extensive experimental reacting JICF research conducted thus far has focused on nonpremixed systems, in which the jet is either pure fuel or pure oxidizer [32]–[49]. Currently, use of nonpremixed JICF configurations in practical combustors is more widespread than premixed configurations,
and as a result the research has trended towards further understanding of these non-premixed systems.
The RQL combustor is one of the most notable combustors that utilize a non-premixed JICF system [2].
In the RQL combustor, stable combustion and low emissions of NOx are achieved through the use of
staged combustor technology, as depicted in Fig. 1.5. In the Quick-Mix stage of the RQL combustor,
jets embedded in the combustor walls are used to inject air into the fuel-rich combustion products
exiting the Rich-Burn zone, wherein the injected air jets behave as jets in crossflow. The use of air jets
in the Quick-Mix zone allows the combustor to rapidly transition from fuel-rich conditions to fuel-lean
conditions, thereby bypassing stoichiometric combustion conditions that are associated with high
temperatures and NOx production rates. The Quick-Mix zone is then closely followed by the Lean-Burn
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zone where combustion reactions are driven to completion as a result of the mixing between the injected
air and Rich-Burn combustion products.

Fig. 1.5: Schematic of RQL combustor, where ϕ represents the equivalence ratio in each
combustor stage, adapted from [2].

Increasing awareness of climate change behavior has led to stricter regulations on acceptable
pollutant emission levels from combustion technology. To achieve this task, focus in combustion
engineering has shifted toward developing combustion technology that utilizes premixed combustion.
Premixed operating conditions allow for better control of combustor temperature, and ultimately NOx
emissions, however premixed combustion schemes can result in stability issues within the combustor.
The limited research currently available on premixed JICF and the need for further characterization of
premixed combustor stability are the two motivating factors for the work presented in this dissertation.
In the next two sections a literature survey of both non-premixed and premixed JICF research is
presented. The literature survey will help to outline all the current knowledge on JICF flame behavior as
well as highlight the areas where further information/studies are needed.
1.4.2 Non-premixed JICF
In general, non-premixed JICF flames can be characterized by two distinct behaviors: attached
and lifted flames. For non-premixed combustion systems, mixing between fuel and oxidizer is required
for combustion to occur; therefore, the mixing behavior between jet and crossflow directly relates to the
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flame stabilization. The non-premixed JICF research presented in this section will examine how
different experimental parameters (i.e. J, jet injection angle, jet composition, crossflow conditions)
affect flame stabilization.
Hasselbrink and Mungal [48] used simultaneous PIV and OH PLIF imaging to study the flame
behavior at various locations in a JICF experiment. In the experiment, a non-premixed methane jet was
injected into an air only crossflow at ambient temperature conditions. The JICF flame was completely
lifted from the exit of the jet tube. OH PLIF measurements indicated that both the leeward and
windward flame bases were highly wrinkled, and even broken at some locations. The width of the flame
base on the leeward edge was significantly larger than the windward flame base suggesting a larger
region of flammable mixture existed ahead of the flame at the leeward location. The thickness and
wrinkled nature of the OH layer led the authors to conclude that partial premixing between jet fuel and
crossflow air was occurring ahead of the flame base. Thus, at the stabilization location partiallypremixed flame propagation was the most dominant stabilization mechanism. Flame surfaces at midflame locations (away from the leading stabilization points) were found to be considerably smoother,
which was attributed to a reduction in effective Reynolds number caused by the heat release.
Additionally, this observation suggested that at mid-flame locations the flame acted as a diffusion flame,
as opposed to the partially-premixed behavior at the flame base.
Han and Mungal [47] performed a similar experiment with angled jets injected as -45°, 0°, and
45° from the wall normal. CH PLIF and PIV measurement techniques were used. Positive two
dimensional dilatation along the flame surface indicated regions where the flame behaved as a premixed
flame. As the injection angle increased in the downstream direction (45°) the length of the flame edge
with positive dilatation increased, indicating that increasing the injection angle allowed for more fuel-air
premixing prior to reaction.
17

Steinberg et al. [46] also used simultaneous PIV and OH PLIF measurements to study a JICF
system consisting of a preheated H2/N2 fuel jet injected into a heated air crossflow. Raman scattering
was used to extract temperature and mixture fraction information in the experiment. The J values in the
experiment were varied from 2 to 8.4. In each case tested, two distinct flame branches were observed in
the OH PLIF measurements. The first branch, referred to as the lee stabilized branch was the steadier of
the two branches. In this region slightly downstream of the leeward jet exit, flow recirculation caused
by flow wrapping around the jet column created a low speed region in which the flame could
consistently stabilize. The second flame branch, referred to as the lifted flame branch, was located along
the upper side of the jet trajectory (windward jet boundary). The lifted flame branch exhibited highly
unsteady features, including times when it was barely lifted from the windward jet exit and times when
it was pushed back to the flame tip, as seen in Fig. 1.6. Raman scattering measurements revealed that
there was a large variation in the mixture fraction present at the various lifted flame stabilization
locations, indicating that the flame exhibited stratified premixed flame behavior including triple flames.
Additionally, it was found that the position of the flame was highly dependent on the position and shape
of the principal aerodynamic strain-rate field, as depicted in Fig 1.6.
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Fig. 1.6: Figure adapted from Steinberg et al. [46] showing three commonly observed
flame behaviors for N2/H2 jet injected into heated air crossflow. OH flame contour
marked by yellow contour in extensive principal strain-rate images.

Sullivan et al. [45] studied the flame stabilization behavior of a reacting fuel jet injected into a
1775K vitiated fuel-lean crossflow. The J values tested ranged from 1 to 240. For most configurations
tested, the flame stabilized downstream of the jet exit; however for the jet with CO/H2 fuel blend, the
flame remained attached at the jet injector. Flame liftoff heights were found to vary between 0 and 10
jet nozzle diameters. Experimental ignition flow times, calculated using the known jet velocity and
flame liftoff height, compared well with numerically computed ignition delay times suggesting that
auto-ignition was the dominant flame stabilization mechanism.
Fleck et al. [35] studied the auto-ignition behavior of an H2/N2 jet injected into a vitiated air
crossflow. Crossflow temperature was found to have the most significant impact on whether ignition
occurred in the particular JICF configuration. At low crossflow velocities, pressure had no impact on
JICF ignition whereas at high velocities and high pressure no ignition was observed. The experimental
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ignition delay times were significantly shorter than those calculated using kinetic simulations. Mixing
between jet and high temperature crossflow, enhanced by turbulence in the JICF flow field, was thought
to assist in auto-ignition, such that the ignition delay time was reduced compared to the homogenous
system in the kinetic simulations. Micka and Driscoll [39] found that in the case of a 50% C2H4/50% H2
fuel jet injected into a high speed, high temperature crossflow, strong CH2O signal upstream of the
stabilized flame front indicated the presence of an auto-ignition region. The lifted JICF flame base
exhibited premixed flame behavior assisted by the upstream auto-ignition region.
Reacting non-premixed JICF has also been studied using various numerical techniques. In [50]
DNS was used to analyze the flame stabilization behavior of an H2 jet injected into a heated air
crossflow. It was found that the leeward flame branch stabilized within 1.5-2 jet diameters downstream
of the jet exit, and that the flame stabilization region was at a location where the average flow velocity
was low and the average mixture fraction was stoichiometric. Kolla et al. [51] used DNS to analyze
non-reacting JICF flow fields to identify regions that could support flame stabilization. Local flow
velocity and mixture composition (temperature and equivalence ratio) were used to identify regions
suitable for flame anchoring. As the jet was angled from 90° to 70° (facing the downstream direction),
the size and number of regions suitable for flame stabilization decreased. This suggested that as the jet
angle increases further in the downstream direction, flame stabilization became increasingly more
difficult, which was supported by the experimental findings of Han and Mungal [47]. Kolla et al
[51]verified the results from the non-reacting JICF DNS by performing a reacting JICF DNS at the same
conditions. As predicted, the transition of jet injection angle from 90° to 70° resulted in flame blowout.
As the injection angle decreased, the leading flame edge moved farther downstream until the flame base
faced normal to the crossflow velocity which ultimately resulted in flame blowout.
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1.4.3 Premixed JICF
Currently, there have been very few published studies on premixed JICF behavior [8], [52], [53].
Schmitt et al. [52] conducted JICF experiments on a premixed propane-air jet injected into a fuel-lean
1775K vitiated crossflow. OH chemiluminescence imaging showed that the flame ignited immediately
upon interaction with the crossflow, for J ranging from 4-10 and jet equivalence ratios ranging from
0.05-0.77. For the jet equivalence ratio at 0.77, the flame extended into the jet tube as a result of the
horseshoe vortex drawing hot crossflow fluid into the jet nozzle. At low jet equivalence ratios the
flame length was longest and the flame boundaries were not well defined, as shown in Fig. 1.7. At
higher jet equivalence ratios fast reaction rates led to reduced flame length and a sharper flame
boundary. Compared to the high crossflow temperature in [52] the crossflow temperature in the
experiment presented in this dissertation was 1500K. At this crossflow temperature, a wider range of
flame stabilization behaviors was observed including both attached and lifted flames.

Fig. 1.7: OH* Chemiluminescence images of J = 6 propane-air JICF flame. Adapted from
Schmitt et al. [52].
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The experiment presented in [53] continued the work of Schmitt et al. [52] by examining a
broader range of JICF parameters: including jet and crossflow, temperature, velocity and equivalence
ratio. The primary goal in [53] was to characterize the flame stabilization location (i.e. liftoff height)
based upon laminar flame speed or ignition delay scaling. Mixing between jet and crossflow upstream
of the lifted JICF flame meant that the liftoff behavior could not be characterized singularly by flame
speed or auto-ignition delay. Ultimately, it was determined that both premixed flame propagation and
auto-ignition contribute to flame stabilization and flame liftoff scaling was achieved by considering both
mechanisms and devising an empirical relationship.
1.4.4 Reacting JICF Literature Summary
For the several non-premixed reacting JICF studies presenting, lifted flame behavior was most
commonly observed. Stabilization of the lifted flame front was supported by partial premixing between
the jet and crossflow, such that the leading flame edge displayed premixed flame propagation behavior.
In the case of crossflow temperatures on the order of 1775 K, auto-ignition behavior was the dominant
flame stabilization mechanism for both non-premixed and premixed configurations. The premixed JICF
experiment presented in this thesis will examine how the stabilization behavior changes when the
crossflow temperature is hot enough to support auto-ignition, however sufficiently less than 1775 K
such that flame propagation behavior must also be considered. Additionally, the premixed JICF results
will be compared to the non-premixed configurations in that the importance of jet-and-crossflow mixing
ahead of the flame stabilization locations will be examined. Understanding the role of the crossflow in
the flame stabilization in the premixed JICF system is important when considering how to develop the
next generation combustion technology.
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1.5 OH and CH2O PLIF Imaging
In this section, the theory behind OH PLIF and CH2O PLIF will be detailed as well how these
techniques can be utilized for analysis of turbulent reacting flows. The value of Laser Induced
Fluorescence (LIF) imaging for combustion analysis is well known, as it is a non-intrusive way to
image/measure species within a reacting flow. The use of simultaneous OH PLIF and CH2O PLIF for
imaging the heat release zone was first realized by Najm et al. [54] and Paul and Najm [55]. Najm et al.
[54] first showed that HCO was a good marker, spatially and temporally, for heat release. The
production of HCO occurs at a finite-rate, while the consumption of HCO occurs much more rapidly.
Because of this, the concentration of HCO is directly proportion to its production rate. Heat production
via combustion occurs primarily through the formation of CO2 and H2O, not HCO; however, most of the
carbon in hydrocarbon combustion follows a reaction pathway that leads to CO2 formation via HCO.
Because the concentration of HCO is directly proportional to its production rate, it can be measured
using LIF and is directly proportional to the rate of heat production.
Useable HCO LIF signal is difficult to obtain, as HCO concentration is low and has a short
fluorescence lifetime and low fluorescence quantum yield [55]. Paul and Najm [55] suggesting using
simultaneous OH PLIF and CH2O PLIF measurements for heat release imaging in place of HCO PLIF.
The OH and CH2O react to form HCO through the reaction CH2O + OH => H2O + HCO. The reaction
proceeds at a forward reaction rate ( )

, where k is the temperature dependent rate

constant and [CH2O][OH] is the product of the number density of the two species. From LIF
measurements the following relation has been developed,

( )

, where

is the spatial product of CH2O and OH LIF measurements and ( ) is the combined
temperature dependence of the CH2O and OH LIF signals. Over a specific range of temperatures, it is
possible to obtain ( ) that mimics ( ) such that the spatial product of OH and CH2O LIF is
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equivalent to the forward reaction rate ( )

. The strong fluorescence quantum yield of OH

and CH2O eliminate the issues associated with HCO PLIF, and make simultaneous OH PLIF and CH2O
PLIF a suitable alternative for heat release imaging.
An additional benefit of conducting CH2O PLIF measurements is visualization of the flame
preheat region. Characterization of preheat zone structure becomes increasingly important in turbulent
reacting flows and flows where auto-ignition occurs. Li et al. [56] investigated turbulence-combustion
interaction in a piloted premixed flame configuration using simultaneous PLIF imaging of CH, OH, and
CH2O. The CH2O was consistently observed in the inner region of the flame, toward the unburned
reactant stream, whereas OH was observed in more broad regions, forming along the outer flame edge.
This indicated that CH2O was a good marker for the preheat zone. The thin spatial overlap of the OH
and CH2O PLIF signals were then used to identify the regions of heat release. Turbulence interaction
with the flame was shown to affect the preheat zone structure, in that increasing turbulence caused
broadening of the CH2O signal in the direction of the preheat zone. The increased mixing between
combustion products and cold reactants caused by high turbulence has been shown to also create
distributed regions of high temperatures in the reactant stream , which resemble thickened preheat zones
[57].
Pre-ignition behavior can also lead to increased CH2O presence upstream of flame. Medwell et
al. [58] studied the influence of CH2O on ignition delay time, for analysis of lifted jet flame
stabilization. The results showed that addition of small quantities of CH2O in the reactant stream led to
faster ignition delay times. In [22] pre-ignition CH2O formation was observed experimentally for a
lifted jet in vitiated coflow. Isolated islands of CH2O indicated pre-ignition behavior which then led to
the formation of auto-ignition kernels, marked by the simultaneous presence of OH. For the premixed
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jet in vitiated crossflow, simultaneous CH2O PLIF and OH PLIF will be employed, for studying
turbulence effects on flame structure as well as identification of possible auto-ignition behavior.
1.6 Summary
Previous research on reacting jet-in-crossflow has been conducted primarily for non-premixed
configurations. The rapid and thorough mixing between jet and crossflow has been found to be a critical
component in the reduction of harmful NOx pollutions produced in practical combustors. The jet and
crossflow mixing is also directly related to flame stabilization behavior in these non-premixed
configurations. Diffusion flame behavior, partially premixed flame behavior, and auto-ignition were the
flame stabilization mechanisms observed in non-reacting JICF experiments. More stringent pollutant
emission regulations have led to an increased interest in JICF for lean-premixed (LPM) combustion
technology; however there is lack of premixed JICF research available. Thus, the goal of the research
conducted for this dissertation was to address the following questions regarding the flame stability and
flowfield characteristics for a premixed jet in vitiated crossflow:
1. What are the general flame behaviors for a premixed jet injected into a vitiated crossflow?
What effect, if any, do J and ϕj have on flame stabilization?
2. What are the dominant flame stabilization mechanisms?
3. How is the JICF flowfield affected by the presence of combustion? Can non-reacting JICF
scaling arguments be applied to a reacting JICF under highly-confined flow conditions?
4. How can premixed JICF flame behavior be modeled? Can laminar flame simulations,
(premixed flame, opposed flow configuration, or plug flow reactor) be used to analyze JICF
flame stabilization?
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CHAPTER TWO
2. Experimental Test Rig & Diagnostic Techniques
2.1 Experimental JICF Test Rig
The facility used for conducting the vitiated JICF experiments was similar to that described in
[59], [60]. A CAD rendering of the experimental test rig is shown in Fig. 2.1. The test rig used for the
JICF experiments consisted of three main sections: a swirl burner, transition section, and jet mixing
section.

Fig. 2.1: CAD rendering of vitiated JICF experimental test rig.
The swirl burner was used to generate the hot, vitiated crossflow conditions. Vitiated crossflow
was used, versus preheated air, for example, to create crossflow conditions similar to that which may
exist in the secondary stage of a staged combustor system. A CAD rendering of the swirl burner exit is
shown in Fig. 2.2. Compressed, dry air (at ambient temperature conditions) was supplied to the swirler
through a choked orifice flow (O’keefe Controls Co.). Propane (Airgas, Industrial Grade) was injected
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into the swirling air at the throat near the swirler exit, via a 3.19mm I.D. stainless steel tube. The
propane flow was metered using a Parker mass flow controller (Porter Model 251 0-50 SLPM). The
swirl stabilized flame was ignited using a torch flame, (same igniter described in [60]).

Fig. 2.2: CAD rendering of swirl burner exit design.
In the transition section, the 38.1 mm circular cross-section at the exit of the swirl burner was
gradually transitioned to a 38.1 mm x 76.2 mm rectangular cross-section. The stainless steel transition
section was lined with Kast-o-lite 97L refractory to reduce heat losses. To construct the transition
section the Kast-o-lite was mixed with water then poured and packed around a smooth Styrofoam insert
molded specifically for the desired cross-sectional profile. Once the Kast-o-lite dried, the Styrofoam
insert was removed and the resulting Kast-o-lite surface, making up the transition section inner wall,
was smooth. The outer stainless steel surfaces of the transition section were wrapped with ceramic fiber
blankets (Thermal Ceramics, Cerablanket), held in place by woven ceramic tape (Cotronics, Thermez
397T), to further reduce heat loss. A 12.7 mm thick ceramic honeycomb (Induceramic - 56 cells per
100mm) was placed at the end of the transition section to straighten the flow entering the jet mixing
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section. The swirl flame extended approximately 150 mm into the transition section, keeping the flame
approximately 260 mm from the upstream face of the honeycomb.
The stainless steel jet-mixing-section (also referred to as the test section) is depicted in Fig
2.3(a). Three of the test section walls contained fused-silica quartz windows to allow for optical access.
The jet tube was press fit into a stainless steel blank of same dimensions as the fused-silica windows, as
shown in Fig 2.3(b). The jet exit was centered along the stainless steel blank and held in place with a set
screw. This design was chosen so that jet tubes with various diameters could easily be inserted into the
blank. For the JICF configuration studied here the jet diameter was maintained constant at dj=9.525
mm. The fused-silica window and stainless steel blanks were held in place using a series of gaskets, as
described in detail in [60]. The jet tube assembly was made of stainless steel and the tube length
exceeded 200 mm (>20dj). The jet contained fully premixed ethylene (Airgas, Ultra High Purity) and
air. The ethylene-air premixing length exceeded 1 m (>100dj) to ensure complete premixing. The flow
rate of the jet fuel and air were metered separately using choked orifices (O’keefe Controls Co.).
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Fig. 2.3: (a) Test section and (b) stainless steel window blank with jet tube.
Combustion products from the JICF experiment were exhausted to the atmosphere by way of an
exhaust stack that was open to the outdoor environment. The base of the exhaust stack is depicted in
Fig. 2.1. Downstream of the jet-mixing section was a dump chamber, Fig 2.4, where water cooling
could be employed if necessary. For the JICF experiment flow rates were low, relative to [60], and thus
the water cooling was not required.

Fig. 2.4: Sectional view of test rig configuration, including the dump chamber downstream
of the jet mixing section.
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2.2 Characterization of Crossflow
Proper characterization of crossflow conditions is essential for any JICF experiment. This
includes characterization of the crossflow velocity profile, composition, and temperature. Throughout
experimentation the crossflow conditions were maintained constant.

The velocity profile for the

crossflow was measured experimentally using PIV. The setup for PIV measurements will be described
in further detail in Section 2.2. The velocity measurements were made along the test section centerline
which aligns with the jet center. Figure 2.5 shows the velocity profile, at the windward jet edge, along
the test section lateral direction. The crossflow is characterized by mean velocity U∞ = 7.6 m/s with
approximately ±3% variation along the lateral direction. The two visible peaks in the velocity profile
are a result of the flow behavior generated by the swirler. To remove these peaks and make the profile
more uniform a longer transition section would be required. In order to minimize heat losses from the
vitiated flow, the transition section was not extended, and the ±3% variation along the lateral velocity
profile was deemed acceptable.
Equation (1) was used for calculation of J. The jet velocity, Vj was computed using the known
mass flow rates of ethylene and air in the jet, and verified by PIV measurements. Jet density was
computed using the known mixture composition and temperature. The crossflow velocity was U∞ and
the crossflow density was computed using the experimentally measured crossflow temperature and
numerically calculated equilibrium composition.
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Fig. 2.5: Crossflow velocity profile at the windward jet edge.
The equivalence ratio of the propane-air mixture in the swirl burner was approximately ϕ∞ = 0.87.
The goal was to maintain fuel-lean crossflow conditions while ensuring the crossflow temperature at the
jet exit location was 1500K. The crossflow temperature was measured using an R-type thermocouple
(TC), with an exposed bead. The thermocouple was inserted into a suction pyrometer to reduce
radiation heat loss to and from the TC bead, as described in further detail in [46]. Temperature
measurements along the lateral span of the test section were taken at the jet exit location.

The

equivalence ratio of the propane-air mixture in the swirler was effectively increased until the mean
temperature along the lateral direction at the windward jet edge was 1500K.
During the crossflow temperature tests, the equivalence ratio was increased only when
temperature appeared unchanged after approximately 5 minutes time.

For ϕ∞ = 0.87 steady-state

temperature was reached after 20 minutes of running the vitiated flow and the average crossflow
temperature at the upstream jet edge was found to be 1500 K with ±1% non-uniformity along the lateral
span of the test section. Streamwise temperature measurements were not conducted due to there being
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no probe access away from the jet centerline. The crossflow temperature profile measured laterally at
the windward jet exit is shown in Fig. 2.6b. While the profile is flat for dj >1, below this limit the
temperature quickly drops. This behavior was attributed to an issue with the suction pyrometer, rather
than non-uniformity in the crossflow temperature. As the suction pyrometer moved closer to the test
section floor, the strength of suction was reduced which ultimately affected the temperature reading.
Thus, only data taken for dj > 1 were included in analysis of crossflow temperature. Based on the
temperature measurements it was also determined that the vitiated flow in the test rig needed to be run
for 20 minutes to reach steady-state conditions; therefore, before conducting any JICF experiments the
vitiated flow was run for the full 20 minutes.
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Fig 2.6: (a) Drawing of suction pyrometer used to measure crossflow, adapted from [46].
(b) Crossflow temperature profile along lateral direction at windward jet edge for ϕ∞ =
0.87.
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The composition of the crossflow was determined using CHEMKIN Equilibrium solver with the
USC-II mechanism. The equilibrium solver was run for the ϕ∞ = 0.87 propane-air mixture and the
resulting products from the solver are presented in Table 2.1. For the numerical simulations presented in
Chapter V, the equilibrium mole fractions of the species shown in Table 2.1 were used to estimate the
crossflow composition. The equilibrium temperature for the ϕ∞ = 0.87 propane-air mixture was 2140 K;
therefore, when using the equilibrium results to simulate crossflow conditions in the auto-ignition
calculations (presented in Chapter 5), the temperature was adjusted to match the experimental value of
1500 K.
Table 2.1: Crossflow composition computed from equilibrium calculations.
Species
Inlet Mole Fraction
Equilibrium Mole Fraction
N2
0.762
0.735
OH
0.000
0.003
H2
0.000
0.001
H2O
0.000
0.133
O2
0.203
0.027
CO
0.000
0.002
CO2
0.000
0.099
C3H8
0.035
0.000

2.3 Jet Composition
The jet composition was varied from lean to rich jet conditions. The three jet equivalence ratios
examined were ϕj = 0.8, 1.0, 1.2. The motivation for varying the jet equivalence ratio from lean to rich
conditions was two-fold. As previously mentioned, the premixed JICF configuration is a novel concept;
and so for fundamental analysis of the premixed JICF flame stabilization, characterization of the effect
of ϕj is a useful first step. Secondly, the degree of premixing between fuel and air in a practical jet
injector is unknown. In this JICF experiment, the jet fuel and air were perfectly premixed; however, in a
practical injector this may not be the case. Varying jet equivalence ratio in the experiments helped to
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isolate the effect of different equivalence ratios, which is useful in the case that equivalence ratio
gradients exist in an actual jet injector.
A JICF global equivalence ratio was determined using the formulation,
(

)
(

(

)
)

(

)

(8)

where a, b, c are the number of moles of propane, ethylene, and air, respectively. The value of a was
determined using the total mass flow rate of crossflow fluid and the crossflow equivalence ratio. The
value b was dictated by J and ϕj. Two different c values were required for determination of ϕJICF: cstoich
and cexp. At each J and ϕj condition, the value cstoich was computed assuming complete consumption of
air in the reaction, in order to determine the stoichiometric fuel-air ratio. The value cexp was computed
based on the total air supplied in the crossflow and jet for the given J and ϕj. Ultimately, ϕJICF was a
measure of the overall system equivalence ratio based upon the total fuel and air supplied. Table 2.2
shows the global equivalence ratio ϕJICF for the experimental values of ϕj and J. The system remained
lean for all ϕj and J, operating as low as 0.85 and as high as 0.93. As previously mentioned, the work in
this dissertation is motivated by the need for LPM combustion; the test matrix of ϕj and J allowed for an
extensive study on flame stabilization behavior while still maintaining globally fuel lean conditions.
Table 2.2: Global equivalence ratio ϕJICF for varying experimental conditions.
J Value
ϕj
5.2
8.7
15.7
0.86
0.86
0.86
0.8
0.88
0.89
0.89
1
0.90
0.91
0.92
1.2
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22.7
0.85
0.89
0.93

Laminar flame properties for ϕj were calculated using the CHEMKIN Premix code [13]. The
USC-II mechanism was used for the calculations and the premixed mixture was varied based on the
experimentally employed values of ϕj.

The calculations considered no mixing between jet and

crossflow, such that the inlet mixture temperature was 300 K; results are presented in Table 2.3.
Dilatation was calculated by differentiating the one-dimensional premixed flame velocity profile with
respect to axial distance such that

.

Table 2.3: Laminar flame properties for experimental jet mixtures.
Laminar
Laminar
Adiabatic
Jet
Maximum Heat
Flame
Flame
Flame
Equivalence
Release
Speed
Thickness
Temperature
Ratio
[kJ-cm-3-s-1]
-1
[cm-s ]
[mm]
[K]
ϕj
0.8
1
1.2

qmax

Tad
2170.67
2367.69
2364.91

50.03
64.13
65.46

0.33
0.29
0.28

5.97
8.93
8.92

Maximum
Dilatation
[s-1]
(

⃗)

9939.42
16405.41
17441.35

2.4 Diagnostic Techniques
2.4.1 High Speed Chemiluminescence Imaging
High speed chemiluminescence images were acquired using a Photron Fastcam SA5 high speed
camera.

The camera was focused using a 35 mm, f/1.4 Nikkor lens in combination with a +4 macro

lens attachment. The macro lens allowed no UV light to pass through, therefore no OH* signal was
detected by the camera. Tests were performed with a CH bandpass filter centered at 430nm +/-10nm.
There were no significant differences observed in the chemiluminescence signal when the filter was
used; this suggested that most of the chemiluminescence acquired without the filter was CH*. Because
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the bandpass filter allowed for only 40% transmissivity, the acquisition of the final chemiluminescence
data was done so without the use of any filter. The chemiluminescence images were line-of-sight
integrated and the camera was situated perpendicular to the crossflow, with the jet injection from the
bottom of the test section, as depicted in Fig. 2.7. Frame rate varied from 8.4 - 12 kHz; for all ϕj and J,
measurements were conducted at 8.4 kHz and for the richer, more luminescent flame, measurements
were also taken at 12 kHz. Approximately 0.5 seconds worth of images were acquired (~6000 frames at
12kHz and ~4200 frames at 8.4kHz) at each test condition and saved at the 16-bit maximum resolution
of the camera.

Fig. 2.7: Camera location for high speed chemiluminescence imaging experiments.
2.4.2 Particle Image Velocimetry
For high speed PIV measurements conducted on the JICF configuration, the laser source was a
dual-cavity Nd:YLF (Neodymium-doped yttrium lithium fluoride) diode laser from Litron Lasers
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(model LDY304-PIV 10 mJ per pulse, 1 kHz repetition). Nd:YAG mirrors (Thorlabs NB1-K08) were
used for aligning the optical path of the PIV laser beam. A planar laser sheet was formed with a
spherical lens assembly and Galilean Telescope, and aligned with the jet center as shown in Fig. 2.8.
The laser sheet covered the entire height of the test section, spanning from x/d~-1.4 to x/d~3, and was
approximately 1 mm thick. The camera used to capture the Mie scattering was a Vision Research
Phantom v710 high speed CMOS camera. An f/4, Nikkor 105 mm lens in combination with a +4 macro
lens was attached to the camera to focus on the laser sheet. The acquisition rate was 3500 frames per
second (double frame, double exposure), with the full camera chip (1280 x 800 pixels) being utilized. A
target plate with 1 mm diameter dots spaced 4 mm apart was placed along the jet centerline in alignment
with the laser sheet, for proper calibration of the Mie scattering images.

Dynamic Studio v.3.41

software was used to control the data acquisition, including the timing of the PIV system.

Fig. 2.8: Experimental setup for high speed PIV measurements.
The Mie scattering images were processed using LaVision DaVis 7.2 software. A multi-pass
cross-correlation algorithm was used starting with a 128x128 interrogation window size and reducing to
a final interrogation window size of 32x32 with 50% overlap. The final vector field resolution was 0.65
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mm. The time between laser pulses was chosen as 30 µs, which ensured the particles in the flow
traveled roughly one quarter width of the interrogation window (32x32 pixels).
For the simultaneous PLIF and PIV measurements, a New Wave (Solo PIV III) dual-cavity
Nd:YAG laser (50 mJ/pulse at 10 Hz) was used to provide 532 nm laser pulses for Mie scattering. The
Mie scattering images were collected using a Flow Master 3S 1024x1280 CCD Camera. The camera
was equipped with an f/4 Micro-Nikkor 200-mm focal length lens and a 532 ±1 nm bandpass filter
(Andover 532FS02-50). An f=-20mm cylindrical lens mounted to the Nd:YAG laser head generated the
PIV laser sheet. The laser sheet spanned the entirety of the test section height and was approximately 1
mm thick. The time between laser pulses was chosen as 23 µs, which ensured the particles in the flow
traveled roughly one quarter width of the final interrogation window size. The Mie scattering images
were processed using LaVision DaVis 7.2 software. A multi-pass cross-correlation algorithm was used
with a single interrogation window size of 32x32 with 50% overlap. The resulting vector field
resolution was 0.27 mm.
For both PIV measurements Alumina particles (K.C. Abrasive Co.) ~1 µm in diameter were used
to seed the jet and crossflow simultaneously during PIV experiments. To control the seed density,
bypass valves were used upstream of the swirl burner and jet air supply lines. Air flow through the two
seeders could be controlled independently so that the seed density of the flow could be increased or
decreased as needed. The jet air stream was seeded with particles upstream of where the jet air and
ethylene were mixed, so that the fuel-air mixing length was kept constant between PIV and non-PIV
experiments.
Vector post-processing was performed using Matlab software.

Central differencing

discretization was used for calculating vector field derivatives. For high speed PIV measurements 7000
Mie scattering images were collected at each test condition. Convergence studies were performed on the
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high speed PIV data to reduce vector processing time. Pdfs for two-component velocity, vorticity,
strain, and dilatation were computed for each instantaneous PIV image for non-reacting and reacting
PIV. The instantaneous pdfs were then averaged over 100, 500, 1000, and 2000 image increments. The
pdfs converged within 1% by 1000 images; therefore 2000 of the 7000 images were processed for vector
field statistics shown in this thesis. For simultaneous PLIF-PIV measurements, the acquisition rate was
~1Hz therefore only 500 Mie scattering images were collected. All 500 images were included for data
analysis.
The planar PIV measurements allowed for calculation of derivatives in two dimensions (x in the
cross flow direction and y in the normal direction). For the JICF flame analysis the flow field quantities
of particular interest were 2-D dilatation

⃗ , vorticity ωz, and x-direction normal strain Sxx, y-direction

normal strain Syy, and shear strain-rate Sxy, which were computed using equations (9a)-(9e) respectively.

⃗

(9a)

(9b)

(9c)

(9d)
(

)

(9e)

2.4.3 CH2O PLIF
For CH2O PLIF measurements, the frequency-tripled 355 nm output beam (250 mJ/pulse at 10
Hz) from a Spectra Physics Pro-230 Nd:YAG was used to excite transitions in the

band of CH2O. A

Princeton PI-Max II intensified camera with 1024x250 pixels was used to acquire the CH 2O PLIF
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signal. The camera was gated to 150 ns and equipped with an f/2.8 Micro-Nikkor 55-mm focal length
lens and a filter (Omega Optical Inc. 450DF70D) allowing over 60% transmission at wavelengths
between 425-485 nm.
2.4.4 OH PLIF
For OH PLIF measurements a Continuum Surelite I Nd:YAG laser at 532nm (200 mJ/pulse at
10 Hz) was used to pump a Sirah Precision Scan Dye laser with Rhodamine 590 dye, which provided a
566 nm beam. This beam was frequency doubled to obtain a beam with 2 mJ/pulse at 282.67 nm. This
allowed for excitation of the OH Q1(5) transition in the A2Σ+X2Π (1,0) band. This transition was
selected based on its line strength and relatively low Boltzmann fraction sensitivity between
temperatures of 1000-2500 K. A Princeton PI-Max I intensified camera, 1024x1024 pixels, equipped
with an f/4.5 UV-Nikkor 105 mm lens and a 320+/-20 nm bandpass filter (Semrock Bright Line filter
FF01-320/40-25) was used to collect the OH fluorescence. The intensifier was gated for 300 ns to
minimize any interference with flame chemiluminescence.
2.4.5 Simultaneous CH2O PLIF, OH PLIF and PIV
The experimental setup for the simultaneous CH2O PLIF, OH PLIF and PIV measurements was
complex and involved alignment of the three lasers and three camera systems temporally and spatially.
The Q-switch output signal from the Spectra-Physics Nd:YAG laser (CH2O PLIF) was the master signal
for control of the PLIF-PIV timing. The signal went to a delay generator (Stanford DG535) that sent
triggers to the Continuum Nd:YAG laser (OH PLIF) and to the PI-Max I camera (OH PLIF). The PIMax I was the limiting factor for the PLIF-PIV data acquisition rate, at approximately 1 Hz. An output
TTL signal taken from the PI-Max I camera was sent to a second delay generator (Stanford DG535) and
was used to trigger the PI-Max II camera and the PIV system. The trigger signal sent to the PIV system,
triggered a Programmable Timing Unit (PTU) that separately controlled the timing of the PIV laser and
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camera system. An oscilloscope was used to view signals from the three lasers and three cameras
simultaneously to ensure that the timing was appropriately synchronized. The timing diagram from the
PLIF-PIV system is shown in Fig. 2.9. The timing separation between the OH and CH2O laser pulses
was approximately 400 ns, and was chosen to prevent any interference in the signal collection of OH
and CH2O between the two cameras. Because the two PIV laser pulses straddled the two PLIF laser
pulses, the PIV trigger signal was delayed such that it was one image behind the OH and CH2O cameras.
Therefore the first PLIF images acquired in each run by the two PI-Max cameras were ignored, as was
the last Mie scattering image acquired in each run by the PIV camera.

Fig 2.9: Simultaneous CH2O PLIF, OH PLIF, and PIV timing controls and timing
diagram.
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The laser beam paths for CH2O and OH PLIF were combined using a dichroic mirror as shown
in Fig. 2.10a. The high pulse energy needed for CH2O fluorescence at 355 nm caused laser scatter
within the test section that was potentially dangerous to the cameras. As a result, the beam widths for
the CH2O and OH PLIF were kept less than 9 mm. At this width, the beams were able to pass through
the jet exit without scattering off the test section floor. The beams were focused in the imaging plane
using an f=500 mm converging lens. Approximate thicknesses for the 355-nm and 282.67-nm beam in
the test section were 250 µm and 350 µm, respectively. Final pixel resolutions for CH2O and OH PLIF
imaging were 76 x 76 x 250 µm and 26 x 26 x 350 µm, respectively. Since the PLIF beam widths were
narrower than the jet exit, two different regions of interest (ROI) were required to image both the
windward and leeward JICF flame behavior. Figure 2.10b shows the approximate laser sheet location
for the windward and leeward ROI, overlaid on a chemiluminescence image. As shown, the beams had
to be brought in at an angle to capture the entire flame behavior in the two ROI, while avoiding scatter.
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Fig. 2.10: a.) Schematic of PLIF-PIV setup. The crossflow flow direction through the test
section is pointed outward from the page. b.) Windward ROI laser sheet bounds (-) and
leeward ROI laser sheet bounds (--) overlaid on chemiluminescence image of J = 5.2
reacting JICF. Crossflow direction is from left to right.

The PIV laser was combined with the two beams used for PLIF using a second dichroic mirror as
shown in Fig. 2.10a. The beam was focused using the same f=500 mm converging lens as that used for
the PLIF beams. All three laser sheets were aligned with one another along the jet centerline. The same
target as that used for high speed PIV calibration was used for verifying alignment of the 355-nm,
282.67-nm and 532-nm laser sheets, the two PI Max cameras, and Flow Master PIV camera.
2.5 Image Analysis Techniques
2.5.1 High Speed Chemiluminescence
Instantaneous flame boundaries were extracted from the chemiluminescence images for analysis
of the flame stabilization behavior.

Fig 2.11 shows an example of instantaneous high speed

chemiluminescence images for a reacting JICF (J=5.2, ϕj = 1.2) with the flame edges marked by white
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contours and the windward and leeward stabilization points marked by filled white circles. In the
chemiluminescence images, the black regions, or very dark regions, indicated no flame, or very weak
chemiluminescence, whereas the brighter white regions indicated strong chemiluminescence.

Fig. 2.11: High speed chemiluminescence images of reacting JICF flame (J = 5.2, ϕj = 1.2)
with flame edge contours overlaid in white and windward and leeward flame stabilization
points marked by white dots.

The chemiluminescence images were first filtered with a Gaussian convolution filter to ensure
that the flame contour was smooth. The Gaussian filter had a kernel size of 10x10 pixels (0.7x0.7 mm)
and dimensionless standard deviation equal to 5. The flame boundary was then taken as the contour
level at 10% of the maximum intensity in the instantaneous filtered image. The windward and leeward
stabilization points were selected by locating the points on the contour closest to the windward and
leeward jet edges, respectively. If the windward leading edge point was found to be located at the same
axial location as the leeward leading edge, the image was flagged, and manually examined to determine
if windward blowoff occurred. In the case of windward blowoff, no windward leading edge point was
collected from the image.

Spatial correlation of the chemiluminescence images was achieved by

imaging a target plate (the same as described previously) with the high speed camera.
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2.5.2 Dilatation from PIV
The flame boundary was also identified using the two-dimensional dilatation field computed
from PIV data. For premixed reacting flows, [54], [61], [62] have shown that there is generally good
alignment between positive dilatation and heat release.

⃗ is shown by eq. (10a-c).

conditions, the effect of heat release q on dilatation
(10a)

⃗
̅

⃗
⃗

For an ideal gas under constant-pressure

(10b)

̅
(

*

)
+

̅

(10c)

̅

The gas density is represented by , gas heat capacity by cp, mixture thermal conductivity by ,
and the mean mixture molecular weight by̅̅̅̅ . The first term within the brackets on the right hand side
of eq. (10c) is the contribution to dilatation from heat release; thus, heat release acts to increase
dilatation. The second term in the brackets in eq. (10c) is the contribution to dilatation as a result of
thermal diffusion governed by Fourier’s Law. Najm et al. [54] have shown that for a premixed flame
undergoing low to moderate strain, the contribution from thermal diffusion term is minimal. In the same
study, the last term in eq. (10c),
measurements, the two-dimensional
and neglecting the

/

̅
̅

, was also found to be negligible.

From reacting PIV

⃗ was computed through eq. (9a), using the local velocity field

, as it was not resolved by the planar PIV measurement. Analysis of the

dilatation, presented later in this thesis, will include examination of effects from

/

.

In each instantaneous dilatation field, the contour(s) at 10% of the maximum (positive) dilatation
were located. The longest contour in the flow field at the threshold value was taken as the flame
boundary. In Fig. 2.12, the 10% of maximum dilatation contour from reacting JICF (J=8.7, ϕj = 1.2)
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PIV measurements is marked by the solid black line. The windward stabilization point was found in
each instantaneous PIV image by finding the point on the contour closest to the jet exit. No leeward
flame stabilization point was identified since high (positive) dilatation was also present in non-reacting
JICF at the same location; therefore the contour always suggested a fully attached leeward flame. In
addition to the contribution from heat release, nonzero dilatation can also be a result of fluid motion into
and out of the two-dimensional plane. Crossflow fluid exits the jet centerline plane ahead of the
windward jet exit, as the jet acts as an obstruction to the crossflow, which results in negative twodimensional dilatation. In the jet wake the flow re-enters the centerline plane as it wraps around the
back of the jet, generating positive two-dimensional dilatation near the leeward jet exit. As expected, in
the non-reacting flow no strong positive dilatation was found at the windward edge; thus, the high
positive dilatation in reacting PIV measurements along the windward edge was attributed to the presence
of heat release.

Fig. 2.12: Dilatation computed from high speed PIV measurements of reacting JICF (J =
8.7, ϕj = 1.2) with flame edge contours overlaid in black and windward flame stabilization
point marked by white dot.

2.5.3 PLIF Image Processing
The goal of simultaneous CH2O PLIF and OH PLIF measurements was to visualize heat release
in the reacting JICF flowfield through pixel-by-pixel multiplication of the PLIF images. For alignment
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of the CH2O PLIF, OH PLIF, and PIV images, a target was placed in the imaging plane (same as
previously mentioned) and images of the target were acquired by all three cameras. LaVision DaVis 7.2
software was used to perform the calibration for the cameras based on the target images and specific
reference points. After calibration, OH image data was interpolated onto a grid matching equivalent
resolution to that of the CH2O grid (lesser resolution). In Fig. 2.13, the various stages of image
processing are shown. First, each grid-corrected/background subtracted PLIF image was filtered using a
non-linear anisotropic diffusion filter [63], Fig. 2.13(b). A threshold equivalent to 10% of the maximum
pixel intensity in the filtered image was used to remove low-level noise. Following the removal of this
noise, a locally adaptive thresholding technique was applied to the image. The local threshold values
were computed by determining the mean pixel intensity in a specified square window of pixels (75 x 75
for CH2O and 150 x 150 for OH), and then subtracting a constant value from the mean (-0.08 for CH2O
and -0.025 for OH). This adaptive threshold was used to determine the regions corresponding to
fluorescence signal in the filtered image such that the remaining images were binarized where 0
represented background and 1 represented LIF signal. The binarized CH 2O and OH PLIF images were
then multiplied by the non-linear filtered images, Fig. 2.13(c). Finally the OH and CH2O images were
overlaid to determine the region of spatial overlap, as shown in Fig. 2.13(d). This approach identifies
regions of heat release only. To quantify heat release magnitude the CH2O and OH images shown in
Fig. 2.13(c) were multiplied pixel-by pixel.
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Fig. 2.13: Example of PLIF image processing routine: (a) original image, (b) non-linear
filtered image, (c) product of binarized and filtered images, and (d) OH & CH2O overlap
with heat release contour shown in blue.

For aerodynamic flame strain eq. (6) and curvature calculations, the inner heat release contour
(closer to reactants) was used, similar to the approach taken by Kariuki et al. [64]. Because the heat
release was defined by the spatial overlap of OH and CH2O, the inner heat release contour aligns with
the maximum gradient of OH nearest the reactants. The maximum OH gradient is often used for flame
edge marking and was the technique adopted in [19], [20]; however, in those studies local extinction
could not be accounted for as no CH2O measurements were taken. The use of simultaneous OH and
CH2O improves flame edge identification, as the flame edge is conditioned upon there being spatial
overlap between OH and CH2O and not just OH.
Once the flame edge was extracted from the PLIF measurements, the (x, y) flame edge
coordinates were parameterized by a flame path-length parameter S such that x(S) and y(S), as done in
[19-20]. For each point along the flame edge, n neighboring points were fit by a 3rd order polynomial to
smooth the flame edge and determine the local parametric functions for x(S) and y(S). The largest value
n was chosen at each point such that the length of the flame segment was just less than 5
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. The 3rd

order polynomials were differentiated and used to calculate the flame surface normal vector as well as
the curvature. The normal was calculated such that a positive normal pointed towards the reactants.
The curvature, C, was computed using,
̇ ̈

̇ ̈
̇ ) ⁄

( ̇

(11)

where ̇ and ̇ are the first derivatives of the parametric functions such that ̇

̈ and ̈ are the

second derivatives of the parametric functions.
Positive curvature represented a flame front that was convex to the reactants while negative
curvature represented a flame front that was concave to the reactants. The curvature resolution was
approximately 2.9 mm-1 based on the thickness of the OH laser sheet. The aerodynamic flame strain κa
was computed using,
(

)
(

)

(

)

(12)

Flame edge points spaced less than 0.27 mm (PIV resolution) apart were removed to ensure that
the flame edge resolution matched the PIV resolution. At each remaining flame edge point, the flow
field statistics were integrated along the flame edge normal, in the direction going across the heat release
contour. The integrated flow field statistics along these directions were used to determine ωz, Sij, and
⃗ along the flame edge.

49

CHAPTER THREE
3. Characterization of Flame Stabilization and Flow Field: ϕj =
1.2 JICF
Introduction
In this chapter results are presented for characterization of flame stabilization and flow field
behavior for a ϕj = 1.2 JICF. The results shown are those obtained from high speed chemiluminescence
imaging at 12 kHz and high speed PIV measurements. For this first study jet equivalence ratio was held
constant while J was varied from 5 to 23. Availability of the high speed PIV system was limited, so the
number of cases to be examined had to be reduced. Thus, it was decided to first examine the behavior of
the non-reacting jet in vitiated crossflow and the ϕj = 1.2 reacting jet in crossflow. This rich equivalence
ratio condition was chosen, over the lean and stoichiometric conditions, because of the dynamic flame
behavior that was observed in preliminary JICF experimental tests. This dynamic behavior will be
discussed in greater detail in the following sections; for clarity here, the ϕj = 1.2 was the condition at
which flame behaviors ranging from full flame attachment at the jet exit to complete windward flame
blowoff were observed. The lean flame never exhibited full flame attachment and so experiments with
the ϕj = 1.2 JICF made for a better study of the various JICF flame stabilization behaviors.
3.1 Time-Averaged Observations
3.1.1 Flame Behavior
The time-averaged flame behavior was analyzed first, using the results from high speed
chemiluminescence imaging. The average flame location was determined by taking the average of the
0.5 seconds of data acquired at each run condition. Figure 3.1 shows the average flame location for the
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ϕj =1.2 JICF for 5 < J < 23. The flame remained nearly attached on the leeward side and lifted on the
windward side of the jet. The windward liftoff height increased with increasing J, while the leeward
liftoff height was nearly unaffected by J. Very weak signal (<10% max intensity) was present upstream
of the windward liftoff height for J=5.2, extending all the way to the jet exit. This was the result of
intermittent windward flame attachment that was observed. The location of the 90% maximum heat
release contour suggested that the most intense burning occurred above the leeward jet exit. The
location of this intensely burning region shifted further away from the jet exit with increasing J. The
contours in each average image are spaced further apart from one another with increasing J, suggesting
that the flame surface area increased with increasing J. For J > 8.7 the JICF flame length increased such
that the flame impinged into the wall opposite the jet exit. The contours along the windward jet edge
also straightened with increasing J, as the increase in jet momentum reduced the amount of jet bending.
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Fig. 3.1: Average chemiluminescence image for ϕj =1.2 JICF for (a) J = 5.2, (b) J = 8.7, (c)
J = 15.7, and (d) J = 22.7. Black contour lines represent 10, 30, 50, 70, 90% maximum
intensity.

3.1.2 JICF Flow Field
Average flowfield calculations for the non-reacting and ϕj=1.2 JICF are presented in this section,
based on the high speed PIV measurements.
where

√

Figure 3.2 displays the average Vmag/Vj contours,

. In Fig. 3.2 streamlines (shown in white) are overlaid on the velocity field,

with the jet center streamline shown in black.

For both non-reacting and reacting JICF, the jet
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penetration increased with increasing J, as shown by the jet centerline trajectory. For the non-reacting
JICF, the effective jet width decreased along the jet trajectory as evidenced by converging windward and
leeward streamlines. As the amount of crossflow fluid entrainment increases along the jet trajectory, the
jet structure breaks down. This behavior is seen most clearly at J = 5.2, where the jet structure is visible
in the jet nearfield, however further downstream is nearly no longer visible. For J > 5.2 the jet structure
remains mostly intact along its trajectory until it impinged into the opposing wall.
In the case of the ϕj=1.2 JICF, the jet structure never disappeared along the jet trajectory for all J
conditions. As previously mentioned, the breakup of the jet structure is due mostly in part to the
entrainment of crossflow.

Several studies of both jet in co-flow and JICF have found that co-

flow/crossflow entrainment rates decrease when heat release is present [48], [65], [66]. In these studies,
the shear layer of the reacting jet also appeared more laminar than the shear layer of the non-reacting jet,
due to a decrease in local Reynolds number. The reduction in crossflow entrainment reduces the jet
decay and allows the reacting jet to maintain its structure longer compared to a non-reacting jet at
equivalent J.
The change in jet structure between the non-reacting and ϕj =1.2 JICF was shown to have an
effect on the flow behavior upstream of the jet. For the non-reacting flowfield images presented in Fig.
3.2 a clear stagnation region is seen upstream of the windward jet nearfield. The stagnation region
forms as a result of the jet column acting as an obstruction to the crossflow; increasing J strengthened
the effective obstruction and led to a larger stagnation region. As shown in Fig. 3.2, the presence of heat
release further increased the size of the stagnation region. The reduction in crossflow entrainment under
reacting conditions forces more crossflow to flow around the jet, generating a larger stagnation region
along the windward boundary.
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Fig. 3.2: Average Vmag/V for non-reacting and reacting ϕj = 1.2 JICF with streamlines
overlaid in white and jet center streamline overlaid in black.
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The wake behavior, shown in Fig. 3.2, differed between the non-reacting and reacting JICF. In
the non-reacting JICF average flow field, the wake behavior was characterized by mostly upright
streamlines. These results are in good agreement with those presented in [52], [67]. In the case of the
reacting JICF the wake streamlines behaved differently for varying J. For the J = 5.2 reacting JICF,
there is a recirculation region that forms along the leeward jet boundary, centered at approximately
x/d=2 and y/d=1.5.

Similar recirculation behavior was observed by Schmitt et al. [52].

The

recirculation region slowly disappears as the J is increased and vanishes completely when J > 8.7. For J
= 22.7 differences between the non-reacting and reacting wake behavior become more subtle.
Coincidentally, at this J value, the windward and leeward flame liftoff heights were highest.

This

suggests that upstream of the lifted flame the reacting JICF system behaves similarly to a non-reacting
JICF. Similar observations were made by Hasselbrink and Mungal [48].
The apparent differences in wake behavior between the non-reacting and reacting JICF can be
attributed to the differences in the behavior of the upright wake vortices under the two different flow
conditions.

For non-reacting JICF the upright wake vortices are the primary mixing mechanism

responsible for entrainment of crossflow fluid in the jet wake near-field. As shown by Fric and Roshko
[6], the upright wake vortices result from the entrainment of crossflow boundary layer fluid by the jet.
For a non-reacting JICF the strong adverse pressure gradient caused by the jet column forces the
crossflow boundary layer to separate from the bottom wall near the sides of the jet. The vortex elements
that separate from the wall get entrained by the jet, creating tornado-like vortices that stretch from the
crossflow boundary layer to the jet column. When time-averaged behavior is examined, the influence of
the wake vortices is seen by upright streamlines as shown in Fig 3.2.
In-depth investigation into the reacting JICF wake has not been conducted thus far, and so a
possible explanation of the behavior is presented here. From the streamlines displayed in Fig. 3.2, it is
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apparent that the presence of the upright vortices may be diminished or even non-existent for the
reacting JICF. As depicted by the average chemiluminescence images in Fig. 3.1, the jet wake is
comprised mostly of low-level signal (<10% maximum heat release), which is most likely luminosity
from combustion products. Along the windward jet trajectory the crossflow stagnates strongly against
the jet, which minimizes the ability of the reacting jet to expand upstream, as evidenced by the tightly
spaced contours. Along the leeward jet trajectory the contours are spread much farther apart, indicating
that there is much less resistance against jet expansion in the jet wake. This also suggests that crossflow
entrainment is significantly reduced in the reacting jet wake. The combustion products in the wake
cause an increase in the jet wake pressure, relative to that of a non-reacting JICF, which then prevents
entrainment of crossflow fluid. As a result, the reacting JICF appears to behave more like a solid
cylinder than a non-reacting jet, with strong recirculation in the wake. Because the maximum heat
release region is closest to the jet exit for J = 5.2, the wake behavior is most significantly altered at this
condition. For increasing J, the maximum heat release regions moves away from the jet exit, and
therefore so does the high pressure region downstream of the jet. At these high J, the jet wake
resembles behavior similar to both non-reacting and reacting JICF.
Comparisons between the average vorticity in the non-reacting and reacting flow fields were
made and the results are shown in Fig. 3.3. Overlaid on the vorticity in Fig. 3.3 are the windward,
centerline, and leeward streamlines, which provide a sense for the boundaries of the bulk jet flow. The
high vorticity along regions along the windward and leeward streamlines represent the windward and
leeward shear layers, respectively. Under reacting conditions, the length of the shear layers increased
relative to the length of the non-reacting shear layer. Comparison between Figs. 3.2 and 3.3 shows that
the windward shear layer corresponds well with the location of the stagnation region ahead of the jet.
Along the stagnation region,

~0, and as a result, vorticity is highest here. The reacting leeward shear
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layer stretches further, and is wider than, the non-reacting shear layer, which is in agreement with the
observations of Lyra et al. [68]. As described earlier, the wake structure of the reacting JICF was
noticeably different than the wake structure of the non-reacting JICF, which in turn affected the leeward
shear layer behavior. Lower flow velocity in the reacting jet wake resulted in higher shear between the
jet and wake, which attributed to the higher vorticity along the reacting leeward jet shear layer.
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Fig. 3.3: Average vorticity for non-reacting and reacting ϕj = 1.2 JICF with windward, jet center,
and leeward streamlines overlaid in black.
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3.1.3 JICF Trajectory & Scaling
One of the most desired traits of the JICF configuration is the rapid and thorough mixing that
takes place between jet and crossflow. For applications related to gas turbine combustors, quick mixing
is essential for creating temperature uniformity, reducing NOx production, and minimizing combustor
size. Several studies have shown jet penetration is one of the key metrics that determines the JICF
mixing efficiency [34], [37]. Historically, the jet penetration has been determined by measuring the
trajectory of velocity, temperature, or other scalars. From these measurements jet trajectory correlations
have been developed. For non-reacting JICF the correlations generally take the form of eq. (1)-(2);
however, reacting JICF correlations have yet to be developed. In this section, an experimental reacting
jet trajectory correlation is presented, computed using the high speed PIV measurements of the ϕj =1.2
JICF. In addition to the reacting jet correlation, a correlation was developed for the non-reacting JICF.
The classical non-reacting jet trajectories, eq. (1)-(2), have shown strong agreement for unconfined
JICF, but the accuracy of these correlations for predicting highly confined JICF penetration behavior, as
that studied here, has yet to be determined. The lateral confinement of the JICF for the experiments
presented in this section was H/d=4; traditional experimental JICF confinement can vary from H/d=50
to completely unconfined JICF.
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Fig. 3.4: Non-reacting (closed symbols) and reacting (open symbols) JICF trajectories.

The streamline with origin at the jet center was used to define the jet centerline and jet trajectory.
The average jet trajectories for JICF at various J under non-reacting and reacting conditions are shown
in Fig. 3.4. For the J range tested, the reacting jets penetrated further into the crossflow than the nonreacting jets. This result is consistent with that seen by Hasselbrink and Mungal [48]. As J increased,
the difference in penetration depth between non-reacting and reacting jets was minimized, and at J =
22.7, the reacting jet trajectory was only slightly more penetrating than the non-reacting jet. The
increased penetration for the reacting JICF is a result of the slower jet velocity decay and jet expansion.
Evolution of jet centerline velocity extracted from the local velocities along the center streamline for
non-reacting and reacting JICF is shown in Fig. 3.5a. For each J, the reacting jet centerline velocity
increases above the non-reacting jet velocity beyond a certain value of y/d. This location (y/d)RZ,
corresponds to the point at which the jet centerline crosses the reaction zone. For increasing J, (y/d)RZ
moved farther away from the jet exit.
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For the non-reacting jet the dilatation along the jet centerline was negative, indicating that the
crossflow was, in effect, compressing the jet. At J = 22.7 the sharp decrease toward even further
negative dilatation was a result of the jet column approaching the opposing wall. On the other hand, for
J = 5.2 the dilatation at the end of the jet trajectory was near-zero, as the jet has almost entirely mixed
away with the crossflow. For the reacting JICF the centerline dilatation behavior changes, due to the
heat release from combustion. Starting from the jet exit (y/d = 0) there is a sharp decline in dilatation,
which continues until the minimum dilatation is reached at approximately 500s-1. The y/d location at
which the minimum is located varied only slightly with J value, occurring near y/d = 0.5. A gradual
increase in dilatation follows as the jet reactants begin preheating upstream of (y/d)RZ. At (y/d)RZ the
dilatation becomes positive, and hence the jet velocity increased. The increased continued until a
maximum was reached. The location of maximum dilatation shifted farther from the jet exit as J value
increased and the gradual decrease in dilatation after the maximum was a result of crossflow
entrainment by the jet.
The most significant increase in velocity at (y/d)RZ occurred when J = 5.2; and as J increased the
apparent increase in velocity reduced. For J > 8.7 no velocity increase across the flame edge was
observed; however, the decay rate of the reacting jet centerline velocity slowed significantly relative to
the non-reacting jet. The effects of confinement are most likely the cause of the smaller velocity
increase across the flame edge for J > 8.7. As (y/d)ZR approaches the wall, confinement of the jet
prevents the flame from expanding, as was the case for the flames when the J < 15.7. The effect of the
centerline velocity on jet penetration is clearly seen by these results. For J = 5.2, the heat release has the
strongest effect on jet velocity, and thus reacting jet penetration. On the other hand, the effect of heat
release on centerline velocity is weakest for J = 22.7, and consequently the jet penetration only slightly
increased.
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Fig. 3.5: Non-reacting (closed symbols) and reacting (open symbols) JICF centerline (a) velocity
and (b) dilatation along the y/d axis.

Velocity decay of the non-reacting and reacting jets from Fig. 3.5(a) are normalized by the exit
velocity in Fig. 3.6(a)-(b) and compared to a typical centerline velocity decay rate of s-1 for a free
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turbulent jet, where s is the length parameter integrated along the jet trajectories taken from Fig. 9. For
non-reacting JICF the s-1 free jet scaling matched the JICF behavior in the region of 1 < s/d < 3. For
reacting JICF, the free jet scaling occurred over a smaller range, 1 < s/d < 2. Upstream of the jet-like
region, the velocity decay is slow indicating potential core flow behavior. Downstream of the region
where jet-like behavior is observed, Han and Mungal [47] proposed a JICF wake like scaling of s-3. The
experimental centerline velocity decay of the JICF at J < 15.7 exhibited this same s-3 scaling
downstream of the jet like region; however, for J = 15.7 and J = 22.7, the effect of confinement caused
jet interaction with the opposite wall prior to observing a wake like behavior. For the reacting jet at
J=5.2, shown in Fig 3.6b, an increase in the centerline velocity occurs before the jet transitions into the
jet like region, a result of the heat release.
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Fig. 3.6: Velocity decay along jet centerline relative to free jet behavior for (a) non-reacting
and (b) ϕj = 1.2 JICF.

Several correlations of jet trajectory, as defined by eqs. (13)-(14), were tested to develop best fits to
the data from Fig. 3.4. It was found that the trajectory data did not collapse well using the more classic
√

scaling; additional dependence on J was required. The data were found to collapse best when
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using X= xJC/d and Y=y/√ d scaling. This scaling is consistent with that found by Kamotani and Greber
[11] as shown in eq. (3). An iterative process was used in Matlab to minimize the variance between the
data and the correlation to determine the constant C that collapsed the data best. Once the constant C
was determined, which defines the trajectory dependence on J, a power fit defined by eq. (14) was
matched to the data. Iteration was used to find the A and B constants for determining the line of best fit.
The values of best fit were A=1.69, B=0.74, C=-0.015, E=1.2 for non-reacting jets and A=1.93, B=0.77,
C=-0.205, E=0.9 for reacting jets.
Generally, power fits have been found to accurately describe JICF trajectory; however, the
power fit correlation, eq. (13), was unable to accurately capture the experimental JICF trajectory, as
shown in Fig. 3.7. In the jet near field, eq. (13) under-predicted the jet penetration, and in the jet far
field over-predicted the jet penetration. The trajectory defined by eq. (13) does not account for the
effect of the opposing wall on the jet trajectory, as power law fits were developed for mostly unconfined
configurations or configurations with large H/d (where y approaches infinity as x approaches infinity).
In developing a new correlation, confinement effects on the JICF were considered by using an
asymptotic correlation given by eq. (14). As shown in Fig. 3.7, the new correlation eq. (14) captures the
JICF trajectory accurately.

(13)
(

)

(14)
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(a)
(b)
Fig. 3.7: Lines of best fit for (a) non-reacting and (b) ϕj = 1.2 JICF trajectory.

In Fig. 3.8, the asymptotic trajectories for reacting and non-reacting jets utilizing eq. (2-3) are
compared with the correlations for non-reacting JICF found by Pratte and Baines [9], Kamotani and
Greber [11], and Smith and Mungal [69]. In each of these prior experiments, H/d ratios far exceed
H/d=4. Pratte and Baines [9] and Smith and Mungal [69] used the trajectory correlation defined by eq.
(2) and Kamotani and Greber [11] used eq. (3). The correlation used by Kamotani and Greber [11]
matched the experimental data the closest, however still over-predicted the non-reacting jet trajectory.
Differences in jet trajectory correlations highlight the need for more rigorous trajectory definitions. As
shown, confinement effects significantly impact the JICF trajectory; however few correlations take the
H/d ratio into account. Additionally, separate correlations must be developed for reacting JICF which
may take into account additional parameters such as flame stabilization location and total heat release.
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Fig. 3.8: Comparison of experimental trajectory correlations with correlations found in literature.

3.2 Instantaneous Flame and Flow field Behavior
3.2.1 Flame Behavior – High Speed Chemiluminescence Imaging
Analysis of the instantaneous ϕj =1.2 JICF flame behavior was first conducted using high speed
chemiluminescence imaging. The windward flame stabilization was characterized by three different
behaviors: a fully attached flame, an unsteady lifted flame, and intermittent blowoff. Examples of these
observed flame behaviors are shown in Fig. 3.9. Full flame attachment at the jet exit was observed most
frequently for J = 5.2; for J > 5.2, the windward liftoff was the most frequently observed flame behavior
and full flame attachment was never observed.

The leeward flame base was located slightly lifted

above the jet exit for all J and was characterized by more consistent behavior, relative to the windward
flame. Similar windward and leeward flame behaviors were also observed by Steinberg et al. [46].
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Fig. 3.9: J = 5.2 ϕj = 1.2 JICF high speed chemiluminescence frames showing observed
instantaneous flame behaviors: (a) attached flame (b) lifted flame, and (c) windward blowoff.

The time resolved imaging allowed for visualization of auto-ignition behavior in the reacting
JICF flow field. The sequence of high speed chemiluminescence frames presented in Fig. 3.10 is an
example of visual observation of auto-ignition. The sequence begins (Fig. 3.10(a)) where the windward
flame base is lifted approximately 1.75d above the jet exit. The beginning of observable auto-ignition
event begins in Fig 3.1(b)-(c) with very faint chemiluminescence signal appearing near the jet exit,
isolated from the lifted flame base. In frames (d)-(h) the development of the auto-ignition kernel is
characterized by stronger chemiluminescence intensity, increasing size, and convection towards the
lifted flame front. The end of the auto-ignition sequence (i) occurs when the kernel merges with the
lifted JICF flame. As J was decreased the frequency of observable ignition kernels decreased, due in
part to the decreasing flame liftoff. This does not necessarily suggest that auto-ignition did not occur for
lower J, only that clear visualization of auto-ignition kernels did not happen. The longer liftoff
associated with high J allowed for larger growth of the ignition kernels prior to merging with the lifted
flame front. More vigorous mixing between the jet mixture and hot cross flow also increased the
possibility of auto-ignition in the lifted windward flame regions at high J.
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Fig 3.10: Auto-ignition behavior shown by high speed chemiluminescence images of J = 22.7 ϕj =
1.2 JICF. Total elapsed time over 9 frames shown is approximately 1 ms.
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The average windward and leeward flame liftoff heights for the ϕj =1.2 JICF are shown in Fig
3.11(a). The instantaneous windward and leeward flame stabilization points were computed using the
method described in Section 2.5.1, and the average of all the instantaneous points was determined.
Overlaid onto the average flame location in Fig. 3.11(a) are x/d and y/d error bars representing one
standard deviation. The trends show that the windward flame liftoff height increased with increasing J.
Additionally, the average windward flame stabilization location moved toward the windward jet exit x/d
= 0.5 with increasing J; which is a direct result of the change in jet penetration. As J increased, the
windward error bars in both x/d and y/d shortened, indicating the flame position was more consistent.
At higher J, the ability of the crossflow to influence jet behavior was weakened, so the increased
windward flame unsteadiness at low J value was most likely a result of jet fluctuations caused by the
interaction with the crossflow. The leeward flame stabilized much closer to the jet exit and the
stabilization position was much more consistent than the windward flame location. Along the leeward
flame edge the influence of the crossflow is weaker and recirculation of hot combustion products allows
for more consistent flame anchoring.

Fig. 3.11: ϕj = 1.2 JICF (a) average windward (closed symbols) and leeward (open symbols) flame
liftoff heights and (b) average ignition time based on windward flame liftoff height.
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In Fig. 3.11(b) an ignition timescale

as a function of J is shown, where

is the average windward liftoff height. This analysis is similar to that conducted by Sullivan et
al. [45]. For the non-premixed JICF in [45], the ignition timescale for the varying jet mixtures was first
determined numerically using plug flow reactor simulations. The experimental timescales, computed
as

, agreed well with numerically calculated values, such that the experimental ignition delay

time was independent of J. This suggested that the dominant stabilization mechanism for the nonpremixed flame in vitiated crossflow was auto-ignition. The results shown in Fig. 3.11(b) suggest that
the average ignition time was not consistent for the varying J, and for J = 22.7 the average ignition time
was nearly 25% faster than for J =5 .2 and J = 8.7. At J = 5.2 ignition times variations were largest,
based upon the size of the standard error bars. The results suggest one of two possibilities: (1) autoignition was not the dominant flame stabilization mechanism or (2)

is not the proper way to

characterize JICF auto-ignition. Further analysis presented later in this chapter will address both of
these questions.
Non-reacting PIV measurements were used to study the flow field characteristics at the average
flame stabilization locations obtained from chemiluminescence imaging.

PIV data were taken from

regions of interest centered at the average flame stabilization locations shown in Fig. 3.11(a). The width
of the region of interest was selected as ± one standard deviation of the average flame stabilization
location at each corresponding J value. For each instantaneous PIV image, the vector field statistics
within the region of interest were averaged.
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Fig. 3.12: ϕj = 1.2 JICF probability distributions for U/U∞, V/Vjet, and Sxy taken from non-reacting
PIV measurements at average windward flame stabilization points shown in Fig. 3.11(a).

Figure 3.12 shows the probability distributions (pdfs) that were computed for u- and v-velocity
components and strain rate Sxy at the average windward flame edge location. For each J the V/Vjet pdf is
characterized by two peaks, near 0 and 1. This suggests that the flame stabilization occurred along the
shear layer, with highest probably of stabilization on the inner edge closest to the bulk jet flow. This is
further evidenced by the probability distributions of strain-rate Sxy. As J increased the maximum strain
rate along the shear layer increased, and thus, the pdf of strain rate broadened with increasing J. For
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varying J, the pdfs of U/U∞ closely align, with a single peak near 0.4. This suggests that flame
stabilization occurs in a region where u-velocity is consistent for all cases.
Figure 3.13 shows the probability distributions that were computed for u- and v-velocity components
and strain rate at the average leeward flame edge location. Unlike the pdfs computed for the windward
stabilization points, the V/Vjet were characterized by a single peak. The leeward stabilization location
varied only slightly with J; therefore, the location of the peak probability in V/Vjet moved to the right as
the J increased. The U/U∞ pdfs were also characterized by a single peak and collapsed nicely for the
varying J values. With the highest probability at approximately U/U∞=-0.1 it is likely that the flame
stabilized in a recirculating flow region in the jet wake. In Fig. 3.14 clear flow recirculation is observed
in the jet wake especially in the vicinity of the flame base. Flow recirculation is particularly important
for flame anchoring [10], [19], [46], [70], especially when the recirculating mixture contains hot
combustion products.
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Fig. 3.13: ϕj = 1.2 JICF probability distributions for U/U∞, V/Vjet, and Sxy taken from non-reacting
PIV measurements at average leeward flame stabilization points shown in Fig. 3.11(a).

Steinberg et al. [46] likened the JICF leeward flame stabilization behavior to the commonly studied
opposed-flow configuration, where strain rate is a commonly used parameter as a measure of residence
time [15]. The probability distributions of strain-rate Sxy shown in Fig. 3.13 aligned well for the varying
J conditions. Opposed flow flame stabilization is highly dependent on equivalence ratio [71] and given
that the jet equivalence ratio was held constant, it appropriately follows that the ϕj =1.2 JICF leeward
flame is situated in a region where strain-rates were independent of J. For higher J, flame liftoff
increases slightly as strain-rates near the jet exit are exceedingly high to support flame stabilization.
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Fig. 3.14: Instantaneous examples of recirculating flow behavior near leeward flame stabilization
location for a) J = 5.2 and b) J = 15.7. The blue contour represents the 10% maximum dilatation
isocontour and red lines represent jet wake streamlines in each instantaneous image.

3.2.2 Flame Behavior – High Speed PIV

The three instantaneous windward flame behaviors seen in the chemiluminescence images, and
shown in Fig. 3.9, were also observed using the dilatation field, calculated from the high speed PIV
measurements. The lifted, attached, and windward blowoff flame behaviors seen via dilatation are
shown in Fig. 3.15(a)-(c). The flame region is marked by positive dilatation, with the 10% maximum
dilatation contour at approximately
remains near

⃗

⃗

250 s-1 in each of the images. The background dilatation

0 s-1. Along the windward and leeward shear layers, localized regions of negative

dilatation existed. Negative 2-D dilatation can be an indication of (1) out-of-plane motion and/or (2)
increasing density rate of change. In the windward jet nearfield, out-of-plane motion is significant, as
the crossflow fluid is forced to flow around the jet column. Increasing density would result from high
temperature combustion products mixing with crossflow or jet reactants, with the former most likely the
case along the jet shear layer.
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Fig. 3.15: (a) J = 5.2 and (b)-(c) J = 8.7 ϕj = 1.2 JICF dilatation field showing observed
instantaneous flame behaviors: (a) attached flame, (b) lifted flame, and (c) windward blowoff.

A comparison between the average windward flame stabilization points determined using
dilatation versus chemiluminescence imaging is show in Fig. 3.16(a). The average windward
stabilization points identified using dilatation were consistently positioned closer to the jet exit than then
those identified by chemiluminescence. For J = 5.2, the discrepancy was most significant. In general,
the flame stabilization trends were similar using the two different methods. The differences between
them can most likely be attributed to the thresholding techniques utilized. The contour level in the
chemiluminescence image is the 10% of the maximum path integrated signal contour, as a result of the
line-of-sight imaging. On the other hand, the contour level chosen from the dilatation fields is the 10%
of the maximum signal in the PIV plane. As a result, the flame boundary threshold in the
chemiluminescence images may be slightly higher than that for the dilatation field, which would lead to
more lifted stabilization point estimates.
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Fig. 3.16: (a) Average windward flame stabilization points computed through chemiluminescence
(open symbols) and average windward flame stabilization points computed using dilatation (closed
symbols). (b) Average ignition time based on windward flame liftoff height.

Ignition timescales were computed based on the flame stabilization locations determined using
dilatation (

) and are compared with

in Fig. 3.16(b). As expected, based on the

stabilization locations in Fig. 3.16(a), the ignition timescales differ between the two methods. More
importantly, the
for

do not collapse for the varying J values, which agrees with the result

. Again, this suggests that further analysis is required in order to determine the dominant

flame stabilization mechanism.
Flame marking via dilatation allowed for comparison between the instantaneous flame and flow
field behavior. Flow field information was extracted from a 2 x 2 mm region just upstream of the
instantaneous windward flame stabilization location. The pdfs for velocity and strain rate Sxy, shown in
Fig. 3.17 changed significantly when flow field statistics were conditioned on the instantaneous leading
flame edge location, compared to results shown in Fig. 3.12. At J = 5.2, two peaks were observed in the
v-velocity pdf, indicating that there were times when the flame would sit on either edge of the shear
layer. For J > 5.2, the V/Vjet pdf was characterized by a single peak, at V/Vjet = 1. Unlike the U/U∞ pdfs
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shown in Fig. 3.12, the U/U∞ pdfs shown in Fig. 3.17 didn’t align well for the varying J. For J = 5.2,
the peak in the probability distribution of U/U∞ was near zero, and for increasing J the peak shifted to
higher U/U∞. As seen from the average velocity fields shown in Fig. 3.2, there is a small stagnation
region just upstream of the windward jet exit. The strong peak near U/U∞ = 0 and the double peak V/Vjet
distribution confirms the experimental observations; the J=5.2 exhibited both attached and lifted flame
behavior. The peak in V/Vjet near 0.5 and U/U∞ =0 corresponds to flame attachment, where the flame
anchors near the stagnation region; while the peak in V/Vjet near 1 corresponds to lifted flame behavior,
where the flame anchors along the inner edge of the shear layer.
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Fig. 3.17: ϕj = 1.2 JICF probability distributions for U/U∞, V/Vjet, and Sxy taken from reacting PIV
measurements at instantaneous windward flame stabilization points.

The distribution of strain rate at the instantaneous flame base shown in Fig. 3.17 was
significantly narrower than that observed when using the average flame stabilization location in Fig.
3.12. The location of the peak probability in the strain rate pdfs in Fig. 3.17 shifted to lower values
compared to the peak location in Fig. 3.12, and the distribution of strain-rate were more aligned for the
varying J conditions. In Fig. 3.12, the strain rate distributions broadened significantly with increasing J;
however, when the flow field statistics were conditioned on instantaneous flame location, Fig. 3.17,
strain rates remained almost entirely below 6000 s-1. The strain rate distributions based on the average
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flame location, shown in Fig. 3.12, exceeded 6000 s-1 for J > 5.2. The narrow strain-rate distribution,
and shift to lower strain rates suggests that the flame stabilization behavior was correlated with strain
rate.
Figure 3.19 details the various regions that make up the JICF flame. The first region of interest
is region (i), where jet reactants and crossflow fluid mix upstream of the lifted flame front. Just beyond
(i) is the windward flame stabilization point (ii), which sits on the inner edge of the shear layer, as
denoted by the high strain rate.

The flame surface downstream of the stabilization locations are

indicated by (iii). This region of the flame surface (iii) sits well inside of the shear layer, evidenced by
the increased distance from the high strain region. Downstream of (iii) is the post flame region, where
mixing between the combustion products and crossflow occurs. The proximity of the windward flame
stabilization point (i) to the shear layer suggests that jet-crossflow mixing may be a controlling
parameter for flame stabilization. On the other hand, jet-crossflow mixing may have a significantly less
effect on the flame surface (iii) that sits farther from the shear layer.
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Fig 3.18: Normalized instantaneous dilatation and strain-rate for J = 8.7, ϕj = 1.2 JICF showing
(i) jet reactant and crossflow mixing region, (ii) windward flame stabilization location, (iii) inner
flame surface, and (iv) post-flame region. Dilatation normalization value was 3000 s-1.

Additional examples of the instantaneous flame and flowfield behavior are shown in Fig. 3.19,
where the windward flame is lifted, with the liftoff height increasing with J. In each case, both the lifted
windward flame and attached leeward flame appear to anchor along the inner edge of the shear layer.
Flame surfaces away from the anchoring locations appear to sit inside the bulk jet flow.

Flame

anchoring near the shear layer suggests that jet and cross-flow mixing may impact flame stabilization
behavior. For the inner flame surface, region (iii) in Fig. 3.18, jet and crossflow mixing may not be as
critical and thus, the resulting flame stabilization mechanism would then most likely be premixed flame
propagation.

In this region, dynamic balance is achieved between the jet bulk velocity and the

propagating flame front. Flame behavior in this region could be compared with the Bunsen flame tip
behavior, which is described in detail in [15], [72].
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Fig. 3.19: Instantaneous 10% maximum dilatation contour (black) and windward flame
stabilization location (white) overlaid on ϕj = 1.2 JICF velocity magnitude, strain-rate, and
vorticity fields for (a) J = 5.2, (b) J = 8.7, and (c) J = 22.7. The normalization values for Vmag, Sxy,
and ωz were 15 m/s, 2200 s-1, and 4500 s-1, respectively.
For analysis of the windward flame stabilization behavior, an experimental flame base
propagation speed was determined based on the definition used by Upatnieks et al [73] as,
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(15)
While the previous work applied this to lifted non-premixed flames, the same approach of
extracting an effective flame propagation speed from the current measurements can be used to assess if
premixed flame propagation contributes to flame stabilization. The value for Vflow was taken as the
average v-velocity in the 2 x 2 mm region upstream of the instantaneous flame base and Vflame was found
by differentiating the instantaneous flame base location relative to time such that Vflame= dyflame/dt.
Central differencing was used to compute dyflame/dt where dt was 0.3 ms which is the reciprocal of the
PIV acquisition rate of 3500 Hz. The flame speed pdfs in Fig. 3.20 follow no consistent trend for the J
values shown, which suggest that flame propagation may not be the mechanism for the lifted flame
stabilization. For J=5.2 the pdf is very narrow with a peak around 3 m/s and for J = 8.7 the profile
broadened with a peak around 8 m/s. For J=15.7, no clear peak is observed and the profile is very broad
extending to flame speeds above 20 m/s.

Fig. 3.20: Experimental probability distribution of effective flame speed computed at
instantaneous windward flame base locations in reacting dilatation field.

83

Upatnieks et al [73] reported flame propagation speeds ranging from 0.7

to 1.1

at their lifted

flame base, which would place the JICF flame propagation speed in the approximate range of 0.35 < Sb
< 0.55 m/s. Experimental flame propagation speeds far exceeded laminar flame speeds, which can be
attributed to a number of factors. In the work of Upatnieks et al [73] no high temperature coflow was
present as is in the JICF studied here. Mixing with high temperature crossflow can significantly
increase the flame propagation speed beyond the laminar flame speed.

No measurements were

performed in the experiment to quantify the temperature of the mixture upstream of the flame base, thus
no experimental temperature-flame speed relationship could be determined.

Flame wrinkling and

stretching due to turbulence can also increase the flame propagation speed beyond the laminar burning
velocity [74]. More complete estimation for expected JICF flame propagation speed would require
temperature and composition measurements ahead of the flame base, along with characterization of
strain rates and turbulence intensities taken from PIV. Uncertainties in the experimental calculation of
Sb may also arise from differentiation of the flame base location. Nevertheless, the large variation in the
pdfs of Fig. 3.20 with J, suggest that the effective flame speed is inconsistent with premixed flame
propagation.
Experimental effective ignition delay times were also computed at the instantaneous windward
flame stabilization location. Streamlines were traced backwards starting from the stabilization location
to the jet exit. The ignition time was computed by dividing the length of the streamline by the average
velocity along the streamline. Occasionally streamlines were traced back to locations other than the jet
exit; in these instances the image was not used for ignition time calculations. For J = 8.7 and J = 15.7,
400 images were discarded, thus streamline information was kept from 1600 of the 2000 images. For J
= 5.2 only 10 of the 2000 images were discarded. Additionally, the instances when the flame fully
attached were not used to compute ignition delay times. The pdfs of ignition delay time, Fig. 3.21, show
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very similar distributions for all three momentum flux ratios. The pdf peak for J > 5.2 occurred at 0.15
ms while the pdf peak for J = 5.2 is located at 0.09 ms.

Fig. 3.21: Ignition delay time probability distribution computed at instantaneous windward flame
base locations in reacting dilatation field.

In the JICF flowfield, mixing along the jet shear layer leads to heat transfer from the high
temperature vitiated crossflow to the fresh reactants; if the mixing residence time is sufficiently long,
auto-ignition can occur as observed in the high speed chemiluminescence images. Based on the ignition
delay time pdfs shown in Fig. 3.21 auto-ignition is most likely the dominant mechanism for flame
stabilization for J > 8.7. For J = 5.2 the ignition delay time with highest probability was 40% faster than
for J > 5.2. Flame propagation allows the flame to stabilize close to the jet exit, such that there is
insufficient time for auto-ignition to occur. In this case, the experimentally calculated ignition delay
time would significantly decrease (causing the pdf to shift to the left). Auto-ignition may still in occur
in the instances where the flame is lifted far from the jet exit, as probability of experimental ignition
delay time at 0.15ms was still high.
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The strain rate pdfs shown in Fig. 3.17 suggested that the flame stabilization behavior was
coupled with strain rate. Scalar dissipation rate is generally used for studying auto-ignition behavior;
Mastorakos [19] has shown that strain rate is a relatively good indicator of scalar dissipation. High
scalar dissipation and high strain rate can inhibit auto-ignition because mixing occurs too fast and
mixture residence times are too short. Too low scalar dissipation, and strain rate, can delay auto-ignition
due to lack of mixing between high temperature fluid and reactants. From Fig. 3.17, for J > 5.2 the
strain rate with highest probability was approximately 2000s-1, and for J = 5.2 it was 3000s-1.
Probability of near-zero strain rates and strain rates exceeding 6000s-1 was low, as strain rates of those
magnitudes indicate insufficient and too rapid of mixing, respectively.
3.3 Summary & Conclusions
In this chapter the time-average and instantaneous flame was examined for a ϕj = 1.2 JICF at
varying J value conditions. Diagnostic techniques included high speed chemiluminescence imaging and
high speed 3.5 kHz PIV. From these measurements the following conclusions regarding the flame
stabilization were made:


Two distinct flame branches existed: a leeward flame branch and a leeward flame branch.



The leeward flame branch stabilized near the jet exit and was characterized by consistent
behavior.



The windward flame branch exhibited highly unsteady behavior which included: full flame
attachment, unsteady lifted flame behavior, and windward blowoff.



Flow recirculation of crossflow fluid and jet combustion products in the jet supported leeward
flame stabilization.



For J~5 flame stabilization was the result of both flame propagation and auto-ignition; for J > 5
auto-ignition was the dominant flame stabilization mechanism.
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Strain-rate correlated well with flame behavior; low strain rates delay auto-ignition, high strain
rates exceeding ~6000s-1 inhibit auto-ignition.

Additionally, characterization of both the non-reacting and reacting JICF flow fields was conducted
in this chapter and the major findings are listed below.



For non-reacting JICF, the velocity decay along the jet centerline was steady, and scaled well
with free jet centerline velocity decay.



For reacting JICF, there was a distinct location along the jet centerline at which high dilatation
generated by heat release led to an increase in jet centerline velocity; as a result reacting jets
penetrated further into the crossflow than non-reacting jets.



Confinement effected jet penetration; as J increased, and jet penetration increased, differences
between non-reacting and reacting jets were minimized.



A new asymptotic correlation was developed to describe the trajectory behavior of both the nonreacting and reacting JICF.



The wake structure of the reacting JICF changed relative to the non-reacting JICF wake; heat
release present in the jet wake prohibited the formation of the upright wake vortices, and led to
stronger flow recirculation.
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CHAPTER FOUR
4. Flame Stabilization for Lean-Rich JICF Conditions
Introduction
In this section, the effect of ϕj on flame stabilization is examined in detail. In Chapter 3 it was shown
that both auto-ignition and flame propagation assist in the stabilization of the ϕ = 1.2 JICF flame.
Changing jet equivalence ratio affects the reactivity of the jet mixture, such that flame propagation and
auto-ignition characteristics are changed. Flame visualizations from high chemiluminescence imaging
and simultaneous CH2O, OH PLIF, and PIV are presented for combustion analysis of the varying ϕj jets.
Since the evolution of an ignition kernel, from initial formation up to the point in which it merges with
the main flame structure, occurs over a very short duration of time, high speed chemiluminescence
imaging was instrumental for observing such behavior. Similarly, high speed chemiluminescence
assisted in imaging the time resolved motion associated with flame propagation. More detailed analysis
on the JICF flame structure is presented subsequently using the simultaneous two-dimensional OH,
CH2O PLIF and PIV measurements. The focus of the PLIF-PIV data analysis was to determine how the
flame interacts with the highly complex JICF flowfield. Although it does not provide time sequence
information, the coupled flame and flow field data provide further insights into the JICF flame
anchoring not obtainable from high speed chemiluminescence imaging alone.
4.1 Chemiluminescence Imaging
The chemiluminescence images for the different ϕj conditions were conducted at 8.4 kHz, as
described in Section 2.4.1. Previous studies [45], [46], [68] have reported that the JICF flame
stabilization behavior along the windward and leeward jet boundary can be noticeably different. This
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was also observed for the ϕj = 1.2 condition presented in Chapter 3. The ϕj = 1.2 windward flame
stabilization was characterized by three distinct behaviors: (1) windward flame attachment, (2) unsteady
lifted flame behavior, and (3) windward flame blowoff. On the other hand, leeward flame stabilization
was characterized by more consistent behavior, in agreement with [45], [46]. In this section
visualization of the JICF lean, stoichiometric, and rich flame chemiluminescence is presented.
From the high speed PIV measurements it was determined that windward flame stabilization for
J > 5.2, ϕj = 1.2 was controlled by auto-ignition. For J = 5.2, ϕj =1.2 flame edge propagation was found
to also assist in the windward flame stabilization. For higher J values, increased windward flame liftoff
provided for more mixing between jet and crossflow ahead of the flame front. The mixing, and
subsequent heat transfer from hot crossflow to jet reactants, led to auto-ignition upstream of the lifted
flame edge. Figure 4.1 presents an example of windward auto-ignition following windward flame
blowoff for J = 8.7, ϕj = 0.8. Ignition kernel formation is shown in two different instances during the 2.5
ms time sequence. In the first instance, development of the ignition kernel begins in frame (c), as
evidenced by the faint chemiluminescence signal centered in the circular outlined region. As the
ignition kernel grows larger, and becomes more luminous, it also convects towards the downstream
flame that is anchored by the leeward flame branch. When the kernel merges with the downstream
flame structure in frames (g)-(h), the windward flame branch is established. While connected
downstream with the leeward flame branch, the flame luminosity of the windward flame branch
continues to increase. Formation of a second ignition kernel is seen in Fig. 4.1 frame (h), upstream of
the newly established windward flame branch. Once again, the kernel grows in size, and becomes more
luminous, as it convects away from the jet exit. The ignition kernel connects with the windward flame
branch in frames (m)-(o), by means of a thin flame segment that extends outward from the windward
flame branch.
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Fig. 4.1: Sequence showing the recovery of windward flame stabilization following blowoff
via ignition kernel formation for J = 8.7, ϕj = 0.8. Chemiluminescence images have been
normalized by max intensity and recreated in false color where red represents highest
flame luminosity.

The structure of the ignition kernels shown in frames (c)-(g) and (h)-(n) were noticeably
different. The second ignition kernel observed in frames (h)-(n), appeared as a coherent structure with
strong chemiluminescence, while the first ignition kernel, frames (c)-(g), was characterized by more
distributed and relatively weaker chemiluminescence. The coherent ignition kernel highly resembles the
structures visualized in the non-reacting JICF shear layer in [6]. The increasing size of the ignition
kernel corresponds well with the growth of the jet shear layer vortices as they convect downstream.
Increased mixing time between jet and crossflow in the vortex core would provide suitable conditions
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for auto-ignition. Further analysis will be presented on flame-vortex interaction in later sections of this
paper. The more distributed ignition kernel, frames (c)-(g) is most likely the result of ignition of a
segment of the jet and crossflow mixing layer, as opposed to a distinct vortex structure.
The line-of-sight chemiluminescence images allow for increased visualization of threedimensional effects, which occasionally showed interaction between the leeward and windward flame
branches. Figure 4.2 presents a sequence of chemiluminescence image frames where the windward
flame branch was reestablished after blowoff, assisted by propagation of the leeward flame. In Fig. 4.2
(a) there is no apparent windward flame branch, but a predominant flame segment along the leeward jet
edge. Beginning in frame (b) a small flame segment, originating from the leeward flame branch, begins
to propagate upstream, toward the windward jet edge. The propagation of the flame in this direction
indicates burning around the edge of the circular jet. In frames (b)-(g) the propagating flame front
moves almost all the way around the jet to the windward boundary. Assisted by the leeward flame it
leads to windward flame stabilization in frame (h), after which the strength of the windward flame
branch increases significantly and two distinct branches are observed (n). Similar leeward-windward
flame interaction is seen in Fig. 4.1(r)-(u). Consideration for out-of-plane flame behavior will become
increasingly important for interpretation of the 2-D PLIF-PIV results presented later in this chapter.
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Fig. 4.2: Sequence showing the recovery of windward flame stabilization following blowoff
via leeward flame propagation for a J = 8.7, ϕj = 1.2 JICF.

Reestablishment of the windward flame following blowoff was seen to occur as a result of
ignition kernel formation and ignition assisted by the leeward flame edge. Stabilization of the windward
flame branch was maintained, until the next blowoff event, as a result of ignition kernel formation (Fig.
4.1) and windward flame propagation. An example of windward flame propagation is shown in Fig. 4.3.
In the seven frames shown in Fig. 4.3 the windward flame moves steadily toward the jet exit from an
initial location of y/d~1 to y/d~0.5. Windward flame stabilization via flame propagation becomes
possible when the propagation speed of the leading windward flame edge achieves dynamic balance
with the local flow velocity. In Fig. 4.3, the flame propagation speed exceeded the local flow velocity
upstream of the flame, such that the flame was able to propagate towards the jet exit. The absence of
ignition kernels ahead of the lifted flame front further confirms that premixed flame propagation was
responsible for the stabilization of windward flame front in this instance.

Flame stabilization via flame

propagation is also the primary factor that leads to windward flame blowoff. Increases in local velocity
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upstream of the flame edge, as a result of jet velocity fluctuations, disrupt the balance between the flame
propagation speed and flow speed causing the leading flame edge to move further downstream
(blowoff).

Fig. 4.3: Sequence showing windward flame propagation for a J = 8.7, ϕj = 1.0 JICF.
The time resolved chemiluminescence data was most useful for visualizing the dynamic behavior
of the JICF flame including: blowoff, ignition kernel formation, and flame propagation. The focus of
the next sections, where the PLIF-PIV results are presented, will be to understand the influences of
varying J and ϕj on flame stabilization. Thus far it is understood that windward flame stabilization
favors velocity conditions that allow for flame propagation or mixing conditions resulting in continuous
ignition kernel formation. In the experiment J was varied by changing jet velocity and therefore it
influences both the propagation and ignition behavior of the jet. Increasing J results in higher velocities
in the jet nearfield, which is less favorable for upstream flame propagation, but faster mixing between jet
and crossflow, which is more favorable for auto-ignition conditions due to faster mixing with the hot
crossflow.

Similarly changing ϕj will influence both the propagation and ignition characteristics of the

jet mixture.
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4.2 OH and CH2O PLIF
An example of the typical JICF flame structure observed through CH2O and OH PLIF imaging is
shown in Fig. 4.4. The windward and leeward PLIF images were not taken simultaneously and thus the
two images represent different instances in time. The post-processed PLIF images show that flame
structure consists of three distinct regions: a preheat zone (CH2O only), a reaction zone (CH2O and OH
overlap), and a post-flame zone (OH only). The preheat zone resides closest to the premixed reactants,
while the post-flame region resides closest to the crossflow stream. There was no measurable level of
OH in the crossflow and as such the OH images show the regions of combusting jet mixture and its
products region. The thin region of overlap of OH and CH2O, as determined by the pixel-by-pixel
product of the two PLIF signals, determined the location of the heat release zone. The focus of this
section is for characterization of the different PLIF behaviors observed for the JICF flame; observations
on flame and flow field interaction will be the focus of the next section.

Fig. 4.4: Example of JICF flame structure observed through OH and CH2O PLIF imaging
for both the windward (right) and leeward (left) ROI. CH2O is presented in red, OH in
green, and OH*CH2O in blue. Labeled regions correspond to (a) preheat zone, (b) heat
release zone, and (c) post-flame zone.
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4.2.1 Windward Flame Behavior
Figure 4.5 shows instantaneous examples of the three most common windward flame behaviors
that were observed independent of J and ϕj. The first example shown in Fig. 4.5(a), shows both CH2O,
OH, and heat release contours that stretch across the entire y/d range in the images. This behavior will
be referred to as an attached flame. The second behavior observed is shown in Fig. 4.5(b), and is
referred to as a lifted flame, where the CH2O, OH, and subsequent heat release contours are lifted above
the jet exit. In Fig. 4.5(c) the third flame shows lifted OH and heat release contours, however there is an
extended region of CH2O upstream of the heat release region. For the example shown in Fig. 4.5(c), the
CH2O formation upstream of the lifted OH/heat release zone extends significantly farther upstream from
the heat release zone than for the lifted flame condition shown in Fig. 4.5(b). For this reason, flames
exhibiting this behavior will be referred to simply as flames with extended CH2O formation.
Flames with extended CH2O formation are a new observation for the premixed JICF
configuration; however, similar observations have been made in different experiments where autoignition is prevalent [22], [30]. Gordon et al. [22] observed regions of “CH2O only” upstream of a lifted
flame base in a lifted jet in vitiated coflow configuration. Premixing between the central fuel jet and
high temperature vitiated coflow upstream of the stabilized flame lead to the formation of the “CH2O
only” regions. The absence of OH in these regions indicated pre-ignition behavior [21], without full
thermal runaway. The authors in [22] did also observe auto-ignition kernel formation, which was
characterized by isolated regions of overlapping CH2O and OH ahead of the stabilized flame front. The
CH2O signal in the windward part of JICF was rarely observed as an isolated pocket upstream of the
flame; instead, the CH2O signal most often remained continuous, either attached or lifted.
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Fig. 4.5: Examples of instantaneous JICF windward OH PLIF-CH2O PLIF behavior: (a)
attached flame, (b) lifted flame, and (c) extended CH2O formation. CH2O is presented in
red, OH in green, and OH*CH2O in blue.

In the high speed chemiluminescence sequence shown in Fig. 4.1 isolated ignition kernel
formation upstream of the windward flame edge was observed. Initially, formation of these kernels was
thought to be the result of crossflow entrainment by the jet shear layer vortices. Heat transfer from the
hot crossflow to jet reactants, along with long residence times in the vortices would provide for autoignition. In the PLIF images, isolated ignition kernels were rarely observed; instead, thickened flame
structures, as shown in Fig. 4.6, appeared where CH2O contours aligned with a vortex structure. The
boxed-in regions shown in Fig. 4.6 correspond to the locations where there was localized thickening of
the heat release region, seen via PLIF imaging. Unlike the kernels observed with high-speed
chemiluminescence imaging, the thickened structures shown in Fig. 4.6 were not isolated in the flow
field, as thin flame branches extended from the kernel. The windward PLIF region was chosen based on
the high-speed chemiluminescence data and the average location of the windward flame base; thus, it
was intended to image the ignition kernels. However, because of the observation of these thin flame
branches via PLIF and not high speed chemiluminescence further investigation of this behavior was
required.
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Additional analysis of the chemiluminescence ignition showed occasional occurrence of thin
flame branches connecting to localized thickened flame regions, three different examples are shown in
Figure 4.7. In sequence (a), a lifted windward flame is observed at t1. At t2 very weak
chemiluminescence can be seen ahead of the lifted flame front and as time progress from t2 to t4, the
intensity of chemiluminescence ahead of the lifted flame increases. The interesting feature about the
ignition in sequence (a), is that the ignition structure appears connected to the lifted flame front, and
resembles a thin flame branch more so than an ignition kernel. By t5 the leading edge of the ignition
structure beings to distort as it wraps around a vortex element, similar to the behavior observed in the
PLIF images. In sequences (b) and (c), distinct ignition kernel formation is seen upstream of the lifted
windward flame branch; however, the progression of the ignition suggests the existence of flame
branches connecting the ignition kernel and lifted flame front. In Fig. 4.1, the isolated kernels moved
away from the jet until they eventually merged with the lifted leeward stabilized flame branch. In
sequences (b) and (c) in Fig. 4.7, there appears to be a thin faint region that connects the bright kernel
and stabilized flame branch. Im et al [26] observed similar continuous ignition structures in a turbulent
mixing layer, in cases where turbulence was weaker. Increasing the turbulence in the mixing layer led
to break up of the continuous ignition layer and the formation of distinct ignition kernels.
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Fig. 4.6: Examples of J = 8.7 instantaneous windward JICF ignition kernel formation seen
via OH PLIF-CH2O PLIF. Figures on left: CH2O (red), OH (green), and OH*CH2O (blue).
Figures on right: CH2O. The corresponding ϕj for (a)-(c) were 0.8, 1.2, and 1.0,
respectively.

Consideration of the flame observations from both chemiluminescence and PLIF data has led to
a new conclusion regarding the localized ignition kernels. The thin flame branches ignite along the jet
and crossflow mixing layer where heat transfer from crossflow to jet is highest. This behavior is
evidenced by occasional buildup of CH2O ahead of the lifted flame edge. Because these thin flame
branches ignite along the mixing layer, flame interaction with the windward shear layer vortices is
common. The flame vortex interactions can result in two different behaviors: thickening of the heat
98

release zone and buildup of CH2O radical pools. Thickening of the heat release zone can occur as a
result of flame folding /merging caused by the strong vortex motion. Buildup of CH2O in the vortex
elements can be the result of more focused heat transfer from the folded flame to the reactants in the
vortex core [64], or preheating of jet reactants caused by mixing with crossflow fluid. The jet shear
layers are the primary mechanism responsible for crossflow entrainment in the jet nearfield and the long
mixing residence times in the vortex cores could to the preheating of jet reactants and formation of
CH2O. Differences between the isolated ignition structures observed in Fig. 4.1 and the flame branch
segments observed in Fig. 4.6 will be addressed in Section 4.3.1. It will be shown that flame
stabilization along the mixing layer leads to increased strain along the flame surface, most significantly
along the thin flame branches. Additionally, flame stabilization closer to the crossflow suggests ignition
of mixtures containing both jet reactants and crossflow fluid. Both increased strain and reactant dilution
can affect the strength of the chemiluminescence signal, such that more localized kernels appear in the
chemiluminescence imaging.
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Fig. 4.7: Examples of J = 8.7, ϕj = 0.8 instantaneous windward JICF ignition formation
seen via high speed chemiluminescence imaging. Time between frames is 0.12 ms.

4.2.2 Leeward Flame Behavior
The JICF flame structure in the leeward region of interest was more consistent than the
windward flame behavior. The leeward flame PLIF image shown in Fig. 4.4 is representative of the
typical behavior observed, again, independent of J and ϕj. In the leeward region, the flame remained
attached and no large vortical structures were observed along the leeward flame branch. No localized
thickening of the preheat and/or heat release zones was observed, which is agreement with the lack of
ignition kernels seen in the leeward jet region from the high-speed chemiluminescence data.
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4.3 Simultaneous OH, CH2O PLIF and PIV
The high speed chemiluminescence imaging allowed for visualization of the time resolved
features of the JICF flame. From these measurements it was concluded that stabilization of the highly
unsteady windward flame occurred as a result of ignition kernel formation and flame propagation.
Formation of the windward flame ignition kernels was dependent on the buildup of CH2O radicals along
the jet shear layer, as seen from the CH2O and OH PLIF results presented in Section 4.2. In this section
results are presented from simultaneous CH2O, OH PLIF, and PIV measurements. Though not time
resolved, the simultaneous PLIF-PIV measurements provided detailed information on the flameflowfield interaction, with particular focus on understanding the JICF flame stabilization. Key results
presented in this section include flame-vortex interactions, flame-shear layer behavior, and flame stretch
analyses. The effect of J and ϕj on flame behavior is also examined in this section.
4.3.1 Flame-Vortex Interactions
The flame-vortex interactions were most prevalent in the windward side where the JICF
shear layer vortices are most prominent. The effect of the vortices on flame structure varied. In some
instances, the heat release zone resided on a vortex. This behavior led to thickening of the reaction zone
as a result of flame folding and possible merging between ignition structures and thin flame branches.
The flame-vortex interactions for the instantaneous flame examples shown in Fig. 4.6 are depicted in
Fig. 4.8 by combining the heat release information with the vorticity field. In the images shown, the
thickening of the flame surface is clearly seen where a vortex structure is in close proximity to the
flame. The flame was also observed to wrap around the outer boundary of a vortex element and thus,
only thickening of the preheat zone was observed. An example of this behavior is shown in Fig. 4.8(d).
Two vortices are apparent in this instantaneous image, both of which reside on the outer edge of the
preheat zone closest to the reactants. A thickened region of CH2O upstream of the lifted heat release
101

zone is present in the vicinity of the first vortex structure (y/d~0.5). No flame is present near this vortex,
suggesting a region of mixing between hot crossflow and reactants in the vicinity of this. The flame
surface near the second vortex (y/d~1) is clearly distorted as a result of its presence. The preheat zone
near this flame surface is thickened, but no thickening of the flame surface is observed. Without time
resolved imaging it is not possible to determine if this behavior is simply an early stage of flame-vortex
interaction, before flame thickening occurs, or if it is an example of an entirely different flame-vortex
interaction, where only the preheat zone is affected.

Fig. 4.8: Instantaneous heat release (solid lines) and preheat zone (dashed lines) overlaid
onto ωz field. Minimum (blue) and maximum (red) ωz in the images shown are -3000 and
12000 s-1, respectively. The three cases (a), (b), and (c) correspond to the same cases shown
in Fig. 4.6. Case (d) shows vortex-preheat zone interact for a J = 8.7, ϕj = 1.2.

The effect of flame-vortex interactions on the flame strain, κa is shown in Fig. 4.9. The two
cases shown correspond to the boxed in flame-vortex interactions shown in Fig. 4.6 (a) and (b). The
flame surfaces shown in Fig. 4.9 are divided into three regions: (i) leading flame branch, (ii) folded
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flame surface, and (iii) trailing flame branch. Region (i) corresponds to the thin flame branch that
extends from the vortex toward the jet exit and region (iii) corresponds to the thin flame branch that
extends from the vortex away from the jet exit. The folded flame region (ii) corresponds to where
thickening of the flame is significant. The plots of κa along the flame surfaces confirm that along the
thickened flame surface κa is low and along the flame branches κa is highest. In both cases (a) and (b),
κa exhibits two localized peaks, on either side of a region where κa is less than half the peak magnitude.
The two peaks correspond to the highly strained flame edges (i) and (iii) in the braids of the vortex and
the thickened flame (ii) surface is the low strain region in the vortex core between the two peaks.
Increased strain rate has been shown to significantly affect CH concentration, which is the primary
species responsible for both OH* and CH* [75]. Thus, it is possible that more distinct ignition kernels
were observed in the CH* chemiluminescence imaging (as seen in Fig. 4.1) because CH*
chemiluminescence of the thin flame branches was very weak relative to those of the thickened flame
regions.
Curvature plots are also shown in Fig. 4.9. In each case the thickened flame fronts exhibit both
positive and negative curvature. The peak positive curvature is around approximately ~1mm-1, and
results from the flame surface being pulled inward by the vortex. A consequence of the flame surface
being pulled in by the vortex is the formation of a cusp region with strong negative curvature, beyond
the curvature resolution range. These curvature plots show that no single curvature convention (positive
or negative) can be associated with the thickened flame segments.

It has been shown here however,

that flame-vortex interactions cannot be characterized simply by high κa or high C because there are
significant variations in both κa and C along the flame surface. As previously mentioned, the formation
of coherent vortex rollups occurs predominately along the JICF; and therefore, no isolated flame-vortex
interactions were observed along the leeward flame branch.
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Fig. 4.9: Flame strain κa and Curvature C for two instantaneous flame-vortex interactions.
The cases shown are (a) and (b) from Fig. 4.6 and 4.8.
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4.3.2 Visualization of Flame-Shear Layer Interaction
The PLIF-PIV measurements showed a higher extent of flame-shear layer interaction than
previously realized from the 2-D dilatation measurements computed from high speed PIV
measurements. The PLIF-PIV results show that near the flame anchoring location, for both the
windward and leeward flame branches, the flame is highly intertwined in the shear layer. It is in the
shear layer where the vortex-flame interactions are observed and where the most significant amount of
nearfield mixing between jet and crossflow occurs. In Fig. 4.10 instantaneous examples of flame-shear
layer interactions are shown for both the leeward and windward flame branches. For visualization of the
shear layer the z-component vorticity ωz was used. In both the crossflow and jet, the vorticity is small as
compared to the shear layer where vorticity is significantly higher and concentrated. The leeward flame
branch consistently anchored in the shear layer for all ϕj; however, at points along the flame farther from
the flame base the flame moved away from the shear layer toward the bulk jet reactants as shown in Fig.
4.10.
Windward flame behavior appeared to be more significantly affected by ϕj. For the lean jet
mixture the windward flame branch was most frequently observed to remain situated on the shear layer.
On the other hand, for the stoichiometric and rich jet mixtures the windward flame branch exhibited
similar behavior to the leeward flame branch, in which the flame anchored in the shear layer but moved
toward into the bulk jet flow with increasing distance from the flame base. Examples of the windward
flame behavior are shown in Fig. 4.10(a) and for both jet equivalence ratio conditions the flames clearly
anchor in the shear layer. For the windward flame specifically, the flame appeared to anchor in the
shear layer closer to the crossflow. Auto-ignition calculations that simulate ignition between cold
reactants and hot, vitiated crossflow have shown that auto-ignition favors highly diluted reactant
mixtures where reactant concentration is low, but temperature is high [21], [35], [45]. Flame base
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stabilization closer to the crossflow suggests auto-ignition behavior, as local mixtures in this region
would be expected to contain higher concentration of crossflow and thus, shorter ignition delay times.
Ignition of these highly diluted mixtures could also have an effect on the CH* production, as the
concentration of reactant fuel is significantly decreased with increased dilution.

Fig. 4.10: Instantaneous heat release contours overlaid onto ωz for J = 8.7: windward
region (left) and leeward region (right).

As previously mentioned, the 2-D dilatation measurements presented did not show the same
extent of flame-shear layer interaction as seen from the PLIF-PIV measurements. Figure 4.11 shows the
same instantaneous heat release contours pictured in Fig. 4.10, but overlaid onto the 2-D dilatation field.
In these images, agreement between heat release location (CH2O, OH overlap) and 2-D dilatation varies.
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The agreement between heat release location and 2-D dilatation is strongest when the flame resides
away from the shear layer. On the other hand, when the flame is situated on the high vorticity shear
layer the 2-D dilatation does not accurately reflect the heat release behavior. These results confirm the
observations seen in previously for the ϕj=1.2 JICF where the flame identified using 2-D dilatation was
always seen to reside just outside of the shear layer.

Fig. 4.11: Instantaneous windward (left) and leeward (right) heat release contours overlaid
onto 2-D dilatation field for J = 8.7 JICF: ϕj = 0.8 (left) and ϕj = 1.2 (right). Cases are the
same as those shown in Fig. 4.10.

It has been shown in previous studies [61], [62] that for premixed flames, dilatation is a
reasonably good marker for heat release; and thus it requires further evaluation to determine the cause of
disparity between the heat release and dilatation in the JICF configuration. One such factor is the likely
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effects of out-of-plane motion. For the experimental PLIF-PIV results, only 2-D measurements were
acquired, and consequently only 2-D dilatation was computed. The JICF flow field is highly complex,
with a high degree of three dimensionality. For example, the jet shear layer rollups that form along the
windward JICF shear layer are most noticeably along the jet centerline, however advection by the
crossflow causes these vortex structures to wrap around the jet column. The stretching of the vortex
filaments around the jet creates significant out-of-plane motion, where the reference plane is the jet
centerline plane parallel with the crossflow flow direction. As a result, in a non-reacting JICF
configuration, 2-D dilatation along the windward shear layer would be expected to be negative. In the
case of reacting JICF when the windward flame stabilizes in shear layer, negative 2-D dilatation caused
by the out-of-plane motion counteracts the positive dilatation caused by heat release. As the flame
moves away from the shear layer and into the bulk jet flow the out-of-plane motion is minimal, and thus
the 2-D dilatation accurately reflects the heat release behavior.
4.3.3 Statistical Analysis of Flame-Shear Layer Interactions
In Fig. 4.12, plots of average ωz and dilatation along the flame edge at different y/d positions are
shown. The 2-D dilatation along the windward and leeward flame branches is noticeably different, with
much higher dilatation along the leeward flame branch. These statistics are in agreement with the
results shown in Fig. 4.11; that there was more consistent agreement between heat release and dilatation
along the leeward flame branch. Along the leeward flame branch dilatation was always positive, and
increased with increasing y/d. Increased leeward flame-shear layer interaction with increasing J, as
evidenced by higher nearfield vorticity, resulted in lower dilatation. For the stoichiometric and rich
flame conditions the average dilatation converged along y/d, which is in agreement with the laminar
flame calculations shown in Table 2.3 (approximately 6% difference in maximum dilatation). The
results shown in Fig. 4.12, confirm that for ϕj ≥ 1 the leeward flame completely uncoupled from the
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shear layer, as dilatation became independent of y/d location. Similarly, from the laminar flame
properties it is expected that the dilatation for the lean flame is less, as there is a reduction of
approximately 44% in maximum dilatation relative to the laminar rich jet condition.
In the leeward region, the vorticity along the flame edge decreased consistently with increasing
y/d location; vorticity trends along the windward flame edge were non-monotonic. Slight increases in
vorticity were observed along the windward flame branch with increasing y/d, consistent with the
observation that the flame traveled from the crossflow side to the jet side of the shear layer. Following
an increase in vorticity, a peak was reached (center of the shear layer) after which vorticity decreased.
For the rich flames, the flame crossed the shear layer earlier, as evidenced by the y/d location of the peak
average vorticity and subsequent rapid decrease in vorticity. Increase in vorticity with J was also
observed, as a result of stronger shear generated by the higher jet momentum. Average dilatation along
the leeward flame branch was consistently higher than the dilatation along the windward flame edge.
The windward dilatation in regions of highest flame-shear layer interactions was independent of ϕj
suggesting that out-of-plane motion affects dilatation in the windward branch.
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Fig. 4.12: Average vorticity and dilatation for J = 5.2 (right) and J = 8.7 (left) JICF:
windward region (closed symbols) and leeward region (open symbols).

Emphasis has been placed on characterizing the flame-shear layer interaction for better
understanding the flame stabilization behavior. For premixed bluff-body stabilized flames it has been
shown that as equivalence ratio approaches the lean flame stability limit, the flame interacts significantly
more with the shear layer [19], [20], [70]. A consequence of the increased flame-shear layer interaction
is an increase in flame strain κa along the flame edge, which can lead to local flame extinction events
that ultimately cause flame blowoff. For the bluff-body flames, decreasing flame speed and heat release
(with decreasing equivalence ratio) were considered to be the primary factors that leads to increased
flame-shear layer interactions. The flame behavior in the JICF configuration can be thought of in a
similar way to the bluff-body stabilized flame. The stoichiometric and rich JICF, which have highest
laminar flame speed, produce the conditions in which the flame was observed to move farthest from the
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shear layer in both the windward and leeward regions. The lean jet however, which has a lower laminar
flame speed, was observed to remain much more coupled with the shear layer, most notably in the
windward region.
Another notable observation about the flame-shear layer interaction in the premixed JICF
configuration is how it compares to the behavior found in non-premixed JICF configurations. In the
experiment presented by Lyra et al. [68], a jet containing 70% H2/30% He by volume was injected into a
1200K fuel-lean vitiated crossflow and the flame behavior was analyzed using simultaneous PIV and
OH PLIF imaging. For the J=9 non-premixed JICF system, the flame remained anchored uniformly
around the jet exit. In the jet nearfield the windward and leeward flame branches stabilized along the
outer edge of the shear layer (closer to the crossflow). In the jet far field, the flame moved farther from
the shear layer, toward the crossflow, such that the flame remained outside of the characteristic jet shear
layer rollup. For this non-premixed JICF configuration, jet and crossflow mixing is critical for flame
stabilization and so it is possible that the flame remains outside the shear layer closer toward the
oxidizer, where the fuel and oxidizer have mixed in stoichiometric proportions.
The premixed JICF flame is an interesting contrast to non-premixed flame results [68], as the
premixed flame can traverse the shear layer into the bulk jet flow, most markedly for ϕj≥1, such that
flame stabilization appears independent of crossflow mixing. Because the premixed jet contains a
flammable mixture, flame stabilization in the bulk jet flow (away from the shear layer) implies premixed
flame propagation behavior. Thus, the JICF flame stabilization has been divided into two regimes, as
pictured in Fig. 4.13: (1) flame-shear layer interaction and (2) flame stabilization in the bulk jet flow.
For the windward flame, flame stabilization in the shear-layer suggests both auto-ignition and flame
stabilization are likely contributing mechanisms. From the results presented in in Chapter 3 it was
shown that in this regime auto-ignition is more dominant than flame propagation for higher J values, but
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at lower J auto-ignition and flame speed can both contribute to flame stabilization. The leeward flame
also anchors in the shear layer; however the leeward flame behavior is more consistent. Flow
recirculation of hot crossflow and combustion products in the jet wake has been suggested to be the
primary factor in assisting leeward flame stabilization. For both the windward and leeward flame
segments that stabilize away from the shear layer in the bulk jet flow, premixed flame propagation is
likely the dominant flame stabilization mechanism. In the bulk jet flow, lack of jet-crossflow mixing
implies that the reactants being consumed are purely from the premixed jet mixture and flame
propagation is dominant.

Fig. 4.13: Instantaneous example different regimes of flame stabilization for the windward
and leeward JICF flame. Boxed-in regions correspond to flame-shear layer interactions;
arrows indicate premixed flame propagation behavior. Case shown is for the J = 8.7, ϕj =
1.2 JICF.
4.4 Flame Stretch Analysis
In Section 3.3 the importance of flame-shear layer interactions for flame anchoring was shown,
as heat transfer from hot crossflow to jet reactants in the shear layer allowed for auto-ignition. In this
section, results are presented from calculations of flame strain, κa and flame curvature, C. The
importance of these results is to determine the effect of shear-layer interactions on the flame stretch. In
[19], [20], [70] it was shown that increased flame-shear layer interactions increased the probability of
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higher flame stretch, which was thought to cause localized extinction along the flame edge. Though no
localized extinction was observed for the JICF flame, analysis of flame stretch is important for
determining how flame stretch behavior may change for even leaner ϕj or higher J values.
4.4.1 Flame Strain, κa
Further characterization of the JICF flame has been conducted by examining the behavior of
flame strain, κa along the flame edge at varying y/d locations is shown in Fig. 4.14. In general, variation
in κa along the flame front was most significant along the windward flame edge. In this region, κa
increased with increasing y/d location. As shown, in the bottom panel of Fig. 4.14, the increase in κa
with increasing y/d location was the result of increasing dilatation (Sxx and Syy) and decreasing shear
strain Exy. It was shown that windward dilatation did not vary significantly with J, thus the increased κa
along the windward flame front at the higher J was the result of increased Sxy with the higher jet
momentum. The trend in κa was similar for the ϕj=0.8 and ϕj=1.2 conditions, but higher κa was observed
for ϕj=1.2. Higher variation in κa along the stoichiometric windward flame edge was observed and is in
agreement with the trends in ωz and dilatation shown in Fig. 17. Effects from three-dimensional
behavior on κa are expected to be most significant for the windward region. This analysis is simplified
assuming the flame surface z-normal component is small and negligible along the jet centerline; in
which case, the missing component in the two-dimensional κa calculations is Szz. As previously
described, along the windward jet boundary Szz is expected to be positive. Considerations of threedimensional behavior would thus likely lead to increased κa.
The trends in average κa were less consistent along the leeward flame branch for the varying y/d
locations. Examination of the κa components in Fig. 4.14 show that the increase in Sxx (and thus positive
κa) caused by dilatation is negated by strong contribution from Sxy toward negative κa values. As a result,
κa along the leeward flame was dominated by Syy. Though dilatation led to increase in Syy with
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increased with y/d (not shown) changes in the flame y-normal direction, as the jet penetration changed,
led to non-monotonic behavior in Syy (and thus κa). In the windward region, both dilatation and Sxy
contribute toward positive κa; however, in the leeward region Sxy contributes negatively to κa. This
suggests that increased flame-shear layer interactions along the leeward flame branch would shift κa
toward zero or more negative values. The behavior is evidenced by comparing κa in the leeward flame
nearfield at the varying J conditions. The increased flame-shear layer interactions at higher J led to
lower (or a shift toward zero) κa. There did not appear to be any significant variation in κa between the
lean and rich flames, however along the stoichiometric leeward flame branch κa was consistently higher.

Fig. 4.14: Top: Average κa for J = 5.2 (left) and J = 8.7 (right) JICF: windward ROI
(closed symbols) and leeward ROI (open symbols). Bottom: Example of contribution from
Sxx, Syy, Sxy in calculation of κa for J = 8.7, ϕj = 1.2.
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4.4.2 Flame Curvature, C
Probability distributions of the flame curvature C for specified JICF conditions are presented in
Fig. 4.15. The curvature distributions for the ϕj=0.8 and ϕj=1.2 windward flame are centered about zero,
with similar distribution at the different y/d locations. The curvature distributions for the leeward flame
show opposite different trend; the distribution of curvature narrows with increasing y/d location. For the
windward flame where flame-vortex interactions are prevalent, positive and negative curvature effects
were both observed (see Fig. 4.9). This confirms why the curvature probability distributions are
centered about zero. The very slight broadening of the curvature distribution with increased y/d location
(evidenced by the decrease in peak probability value) is most likely related to the growth in vortex
structures along the jet trajectory. As the vortices convect away from the jet, they grow in size. As
shown, larger vortices appeared to have a more significant effect on the flame thickening behavior.
Thus, for the windward flame it is likely that the larger vortices at the higher y/d locations more
significantly affect the flame curvature. The curvature distributions appeared independent of jet
equivalence ratio. In the windward region, flame separation from the shear layer was much less frequent
and thus the curvature probability distributions reflect this.
The opposite trend in curvature statistics with y/d for the leeward flame can be attributed to more
pronounced separation between the flame and shear layer with increasing y/d, relative to the windward
flame branch. Because no large scale rollups were observed in the leeward region, the primary source of
leeward flame curvature is most likely small scale wrinkles that form when the flame resides in the shear
layer. This is evidenced by broad curvature distributions at y/d=0.5, where flame shear layer
interactions were most common. As the leeward flame y/d position increased, the curvature
distributions began to narrow and converge onto one another with a stronger peak at zero curvature. For
the rich jet conditions, for y/d>0.5, the curvature distributions were more aligned. This behavior is
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consistent with the flame moving further from the shear layer, with this occurring fastest for the rich and
stoichiometric jet cases. Though not shown here, the same trends were generally observed for the J=5.2
condition. The distribution of curvature at y/d=0.5 was slightly narrower, as less leeward flame-shear
layer interactions occurred at this lower J value. At J=5.2 the windward curvature distributions were
also observed to show closer agreement for the varying y/d locations, possibly due to weaker vortex
formation along the shear layer.

Fig. 4.15: Probability distributions of C for JICF windward flame (top) and leeward flame
(bottom) branches: y/d = 0.5 (red-), y/d = 1.0 (green--), y/d = 1.5 (blue-.-).

4.5 Summary and Conclusions
Results are presented from high speed chemiluminescence imaging and simultaneous OH, CH2O
PLIF and PIV of lean, stoichiometric, and rich premixed jets injected into hot, vitiated crossflow. From
these measurements the following conclusions were determined:
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Unsteady windward flame stabilization was supported by flame propagation and ignition kernel
formation ahead of the lifted flame front for all ϕj.



For all ϕj the leeward flame branch exhibited consistent behavior.



Both the windward and leeward flame branches were observed to anchor in the jet shear layer.



Instances of extended reactant preheating ahead of the windward flame were observed, which
suggested auto-ignition behavior.



Thickened preheat regions were also observed to coincide with the location of vortex rollup
along the windward jet shear layer.



Thickened heat release regions were also observed in the vicinity of vortex structures. Flame
merging between thin flame branches and ignition structures, formed in the vortex core, as well
as flame folding are thought to be the source for the thickened heat release regions.



High strain along the thin flame branches extending from the thickened flame region was
thought to affect CH* formation, thus giving the appearance of isolated ignition kernels in the
high speed chemiluminescence images. Flame-vortex interactions were not observed along the
leeward flame branch as they were along the windward branch.



Dilatation measurements were shown to accurately follow the heat release behavior along the
leeward and windward flame edges when the flame resided outside of the shear layer. As
predicted by laminar flame simulations, dilatation was weakest for the lean flame and highest
for the rich and stoichiometric flames.



The lean flame was also characterized by the highest amount of flame-shear layer interactions,
while the rich and stoichiometric flames were able to traverse the shear layer and move into the
bulk jet flow.
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Stabilization of the premixed JICF flame was divided into two regimes: (1) flame-shear layer
interaction and (2) flame stabilization in the bulk jet flow. Stabilization in the bulk jet flow
suggested consumption of purely jet mixture and thus premixed flame propagation is the likely
flame stabilization mechanism in these regions. In the instances where the flame stabilizes in
the shear layer, auto-ignition and flame propagation are likely to contribute to the flame
stabilization.



Observation of windward flame anchoring closer to the crossflow confirms that auto-ignition
was most likely the dominant mechanism in the flame-shear layer regime.



Flame strain along the windward flame branch increased monotonically with flame y/d location;
however proper characterization of flame strain using three-dimensional measurements may
affect this behavior.



Along the leeward flame no monotonic trends were observed for flame strain. Shear-strain
caused a shift toward negative flame strain, while dilatation acted oppositely.



Results from this study suggest that leaner jet conditions or increased J leads to increased flameshear layer interactions and ultimately, increased flame strain.
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CHAPTER FIVE
5. Computational Analyses
Introduction
In this Chapter, results from computational analyses are presented to determine the accuracy of
2-D dilatation as a marker of heat release and flame location. In Section 2.5.2 relations were provided to
show how both heat release and thermal diffusion effect dilatation in a reacting flow field. In Chapter 4,
comparison of the computed 2-D dilatation from PIV, and heat release, determined from simultaneous
PLIF imaging, showed that agreement between dilatation and heat release was dependent on the flame
position in the flow field. In the instances that the flame stabilized in the shear layer, dilatation did not
accurately mark the heat release/flame location; however, when the flame edge resided away from the
shear layer, in the bulk jet flow, dilatation and heat release location showed good agreement. This bimodal behavior motivated further investigation between heat release and dilatation. For the numerical
analyses, three different CHEMKIN models were used: (1) 1-D premixed flame, (2) counterflow flame,
and (3) plug flow reactor calculations. The 1-D premixed flame calculations were conducted to validate
the dilatation equations shown in Section 2.4.2. The counterflow flame simulations served to determine
the effect that strain rate has on dilatation and heat release. The plug flow reactor calculations were
conducted for analysis of JICF auto-ignition behavior, which included investigation into how jet and
crossflow mixing affect ignition delay time, heat release, and dilatation.
5.1 1-D Premixed Flame
The 1-D premixed flame simulations were conducted using the CHEMKIN-PRO Premix model.
In Chapter 4, results from these simulations were presented for quantification of unstretched laminar
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flame properties of the premixed jet mixture(s). In this section, the 1-D premixed flame calculations are
used to validate eq. (10c) (Section 2.4.2), which shows dilatation to be a function of heat release,
temperature, and mixture mean molecular weight. Output data from the 1-D simulations included all
quantities required to solve eq. (10c) and was post-processed in MATLAB for the dilatation analysis.
Because the grid on which the final solution was obtained was non-uniform, the finite difference
approximation method described in [13] was used to calculate derivatives.
Table 5.1: Laminar Flame Properties for premixed ethylene and air at T = 300 K (same
table shown in Section 2.3).
Laminar
Adiabatic
Laminar
Jet
Maximum Heat Maximum
Flame
Flame
Flame
Dilatation
Equivalence
Release
Speed
Temperature
-3 -1
Thickness
[s-1]
Ratio
[kJ-cm -s ]
-1
[cm-s
]
[K]
[mm]
( ⃗)
ϕj
qmax
Tad
2170.67
2367.69
2364.91

0.8
1
1.2

50.03
64.13
65.46

0.33
0.29
0.28

5.97
8.93
8.92

9939.42
16405.41
17441.35

The primary reason for using the 1-D premixed flame simulation to validate eq. (10c) was that
all quantities were solely a function of axial distance x along the solution grid, and thus derivatives in
any other direction were zero. Derivatives with respect to time were also zero, such that
̅

̅

⃗

.

and

. The left hand side of eq. (10c), was calculated using 1-D velocity field data such that
Temperature T, heat release q, and mixture mean molecular weight ̅ data were provided

in the CHEMKIN output file for calculation of the right hand side of eq. (10c). For extracting density ρ,
specific heat at constant pressure cp, and thermal conductivity λ, the Cantera toolbox for MATLAB was
used. Configuration of the 1-D premixed simulation in CHEMKIN is straightforward, and consists only
of three components: (1) inlet conditions, (2) premixed flame model, and (3) the output. The input
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conditions are based on the experimental JICF jet mixtures: premixed ethylene-air with ϕj = 0.8, 1.0, and
1.2. The inlet temperature of the reactant mixture in the simulations was 300K.
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Fig. 5.1: Comparison of dilatation calculations for ϕj = 1.2 1-D premixed flame.
In Fig. 5.1 plots of temperature and dilatation are shown for the 1-D premixed flame; the rise in
dilatation corresponds with the increase in temperature caused by the combustion reactions. The results
confirm that the relation shown in equation (10b), namely, that the dilatation computed using the
velocity field is equivalent to the dilatation computed using the constant-pressure ideal gas relation
shown in the figure as solid black line. The results also are in agreement with Najm et al. [54], in that
the contribution from

̅
̅

is minimal compared to

.

A more detailed look into the contribution from thermal diffusion and heat-release on dilatation
is presented in Fig. 5.2. The first major observation is that the peak in
the location of peak heat release,

⃗ does not align spatially with

, but instead aligns with the location of the max temperature

gradient. The rise of dilatation aligns with the rise in thermal diffusion, as a result of reactant
preheating by the flame. As heat release begins to increase the thermal diffusion decreases, such that the
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⃗ is reached before the peak heat release is reached. As expected, the maximum heat loss

peak in

from the flame occurs at the same location as the maximum heat release, which causes the two terms to
⃗ falls between the peak for

act against one another. Therefore, the peak (magnitude and location) of
and

(

)

.
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Fig. 5.2: Profiles of temperature gradient (left y-axis) and dilatation (right y-axis) for the
ϕj = 1.2 1-D premixed flame calculations.

In order to accurately use dilatation as a marker of heat release, further analysis is still required.
One way to do so is to examine peak dilatation versus peak heat release for the varying ϕj conditions. In
Table 5.1 it is shown that the peak heat release for the lean jet is approximately 33% less than that of the
rich jet, while dilatation is 43% less. The stoichiometric and rich jet conditions have nearly identical
heat release; however, the peak dilatation for the stoichiometric jet is approximately 6% lower than for
the rich jet. Looking at the data presented in Fig. 5.3, it is clear why there is discrepancy in dilatation
between ϕj = 1.0 and ϕj = 1.2 even though the peak heat release is nearly identical. The contribution
toward dilatation from the thermal diffusion term is stronger for the rich jet condition, and thus the peak
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dilatation is higher. This is a direct result of a higher temperature gradient for the ϕj = 1.2 condition. It
follows appropriately then, that the decrease in peak dilatation for ϕj = 0.8 is greater than the decrease in
peak heat release, as both Tad (and max temperature gradient) and qmax are lower at this lean jet
condition.
The 1-D premixed flame calculations provided for validation of the dilatation equation presented
in Section 2.4.2 as well as reference values for the unstretched laminar premixed flames. In the next
section, results from 1-D counterflow simulations are presented. In these simulations strain-rate
variations are imposed on the premixed flame front, which provides for varying thermal diffusion and
heat release effects. The effect of strain rate on heat release versus dilatation will be examined. In the
final section of this chapter dilatation will be examined for jet reactant mixtures that have been highly
diluted with crossflow mixture. This simulates mixture conditions similar to that which would be
expected for JICF auto-ignition. Once again, these simulations will change the heat release and thermal
diffusion effects from the flame. Determination of strain-rate and reactant dilution effects on dilatation
will be useful for further understanding the behavior of dilatation in the JICF flow field.
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Fig. 5.3: Dilatation (left y-axis) and temperature gradient (right y-axis) calculations from
1-D premixed flame simulations for ϕj = 1.0 (open symbols, dT/dx: solid line) and ϕj = 1.2
(closed symbols, dT/dx: dashed lines).

5.2 Premixed Flame Counterflow Simulations
The counterflow configuration has been used extensively for both experimental and numerical
combustion studies. In Section 3.2.1 of this dissertation it was mentioned in reference to the flame
stabilization behavior of the leeward flame branch. In this section, results from counterflow simulations
will be presented primarily for analysis of dilatation behavior for strained premixed flames. In the JICF
flowfield, high strain can be imposed on the flame when the flame interacts with the shear layer; and as
such these simulations serve to understand how the heat release and dilatation are affected at these
strained flow fields.
The simulations were conducted using the CHEMKIN OPPDIF software [76]. The
configuration included two opposing nozzles, both containing premixed ethylene-air mixtures at the
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varying ϕj conditions, as shown in Fig. 5.4. The symmetric premixed configuration was chosen to
reduce effects from conductive heat loss downstream of the flame. This configuration is not
representative of the premixed jet-in-crossflow flame configuration, instead it was chosen solely for the
analysis of dilatation under strained flame conditions. The OPPDIF model simulates 1-D flame
conditions, such that temperature, density, and axial velocity are functions of the axial direction only
(

). The separation between the two nozzles was kept constant at 2 cm. Premixed

ethylene-air was injected from both nozzles with identical velocities so that the stagnation plane was
located at the center of the domain, 1 cm from each nozzle exit. The chosen nozzle separation distance
was large enough to ensure that at low strain conditions there was no heat loss from the flame to the
nozzles, but it was kept small enough to maintain efficient computing times.

Fig. 5.4: OPPDIF geometry configuration, adapted from [76].
Different strain rate magnitudes were imposed on the premixed flame front by increasing the
nozzle exit velocity. The strain rate definition used for the dilatation analysis was the maximum
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absolute axial velocity gradient upstream of the flame edge, referred to as κx. The axial velocity
gradient was determined through central differencing approximation using the output velocity data from
CHEMKIN. An example of the calculation for κx is shown in Fig. 5.5. To study the effect of κx on
flame behavior, κx was increased (by increasing nozzle velocity) until no solution could be obtained.
The maximum strain rate that solutions were obtained was dictated by the mixture equivalence ratio.
For the ϕj = 0.8, 1.0, and 1.2 conditions the maximum κx, denoted κext were 1826 s-1, 4630 s-1, and 4881
s-1, respectively. Beyond these strain rates flame extinction occurred and no solution can be obtained.
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Fig 5.5: Axial-velocity profile (left y-axis) and absolute axial velocity gradient profile (right y-axis)
for ϕj = 1.2 and κx = 1725 s-1. Stagnation plane is located at x = 1.0 cm.

For the extinction of a counterflow flame both flame speed and Lewis number, Le, effects must
be considered. The flame speed controls where the premixed flame is situated in the flowfield. Higher
strain, generated by increased nozzle exit velocity, forces the flame to stabilize closer to the shear layer
where the flame propagation speed achieves dynamic balance with the flow velocity. As the flame
moves toward the stagnation zone, Le becomes important. In Law [15], it is stated that for Le > 1, where
Le = α/D, flame extinction results due to increased heat loss as the flame moves toward the stagnation
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zone. The flame temperature eventually decreases to the point at which chemical reaction can no longer
be sustained. For Le ≤ 1 flame extinction results from insufficient residence time for reaction as the
flame position becomes restrained to the stagnation plane. For the counterflow premixed ethylene-air
mixture with ϕj varying from 0.8 to 1.2, Le was computed. The mixture thermal diffusivity α and
species mass diffusivity D were computed at 300 K. The species mass diffusivity was computed for the
deficient species, relative to N2, where C2H4 was the deficient species for the lean mixture condition and
O2 was the deficient species for the stoichiometric and rich mixture conditions. The resulting Le for the
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Fig. 5.6: Temperature (solid lines) and heat release (dashed lines) profiles for premixed
ethylene-air counterflow flames at κext: ϕj = 0.8 (red), 1.0 (green), and 1.2 (blue). The
stagnation plane is located at x = 1 cm.

In Fig. 5.6 the profiles of temperature and heat release are shown for the lean, stoichiometric, and
rich mixtures at near extinction strain-rates. All three flames were observed to extinguish before the
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flame reached the stagnation plane, which was located at x = 1 cm. Because Le > 1 for the ϕj = 0.8
mixture, it is expected that this flame extinguished farthest from the stagnation plane. The lean jet
mixture also had significantly lower flame speed than the stoichiometric and rich jet mixtures, and thus
extinction was reached at a much lower strain rate condition. The stoichiometric and rich jets
extinguished at nearly the same location spatially, closer to the stagnation plane than the lean jet. For
these mixtures Le~1; thus the flame was able to survive closer to the stagnation plane. Though the
laminar flame speeds were nearly identical for the stoichiometric and rich mixtures, Le for the
stoichiometric jet was greater than the rich jet, which most likely allowed the rich flame to survive the
slightly higher strain-rate conditions.
For dilatation calculation of the counterflow flames, the necessary velocity field information
provided from CHEMKIN was insufficient. For the 2-D counterflow flame

⃗

; however,

velocity information in the y-direction was unknown. Thus, dilatation from the counterflow flame
simulations was computed using the relation

̅

⃗

̅

. Confidence in using this relation was

established first using the 1-D premixed flame simulations. In Fig. 5.7 profiles of temperature, du/dx,
and

̅

⃗

du/dx and

̅
̅
̅

are shown. From these profiles it is clear that there is disagreement between

, as expected since dv/dy also contributes to the dilatation in the counterflow

flame configuration. Once again it is also confirmed that the contribution from
is significantly less than the contribution from

.
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⃗,

In Fig. 5.8 plots are shown for the peak

, and

(

)

terms for the varying global

strain-rate conditions for the three mixture equivalence ratios. The terms in Fig. 5.8 have been
normalized by the unstretched, laminar flame peak dilatation (shown in Table 5.1) at the corresponding
equivalence ratio. For the three equivalence ratios, peak heat release was observed to decrease with
increasing strain-rate. This behavior is consistent with what is expected for the given Le mixtures. At
low strain-rate conditions, the decrease in

⃗ appears proportion to the decrease in

. Beyond the

region of proportionality (approximate κx = 1273, 1714, and 2121 s-1 for ϕj=0.8, 1.0, and 1.2,
respectively) there is an increase in dilatation, despite the continual decrease in heat release. The rise in
dilatation coincides with a sharp increase in

(

)

. For the lean flame condition, this rise in dilatation

continues until flame extinction; however, for the lean and rich flames the dilatation once again
decreases with increasing strain-rate as the flame approaches extinction.
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for the unstretched, laminar flame condition (Table 5.1).

Plots of temperature profiles for specified global strain rates are shown in Fig. 5.9(a) for the
ϕj=1.2 counterflow flames. As expected, the increasing strain-rate (and thus nozzle exit velocity) forces
the premixed flame to stabilize closer to the stagnation plane (located at 1 mm). While the change in
strain-rate between each of the six temperature profiles shown was 500s-1, it is clearly shown that the
distance the flame moved between each of the strain-rate conditions was not constant. As the strain-rate
increased, the flame location became more restrained, and thus the flame moved less with increasing
strain. As shown in figure 5.9b, restraining of the flame led to a sharper decrease in flame thickness as
compared to max temperature variation. In comparison to Fig. 5.8, the strain-rate at which
⁄

begins to decrease faster than
in

⃗ . Since

⁄

⁄

⁄

⁄

coincides with the strain-rate at which there is a slight increase
is a rough approximation of the maximum temperature gradient,

the results in Fig. 5.9 confirm that the heat loss from the flame increased as the strain-rate increased.
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In Fig. 5.10 profiles of heat release,

⃗,

, and

(

)

for ϕj=1.2 counterflow flame are

shown for global strain-rate conditions of 250, 1250, and 1750 s-1, respectively. The profiles at the
lowest global strain-rate 250 s-1 resemble those shown in Fig. 5.2 for the unstretched laminar flame. The
spatial location of the peak in dilatation at this low strain condition falls between the peak locations for
, and

(

)

. The peak in

is greater than the peak in

(

)

, such that

the contribution from heat release. As, strain-rate is increased the peak in
than the peak in

(

in contribution from

)

⃗ is dominated by

decreases more rapidly

. This behavior is in agreement with the results shown in Fig. 5.7. The increase

(

)

also causes the peak location of

overlaps with the peak location of

(

)

⃗ to move spatially, such that it

. Similar findings were reported in [54], for a strained v-

shaped flame.
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(

)

for ϕj = 1.2 counterflow flame for

The dilatation results provided by the laminar counterflow flame simulations show that dilatation
is not proportional to heat release for varying flame strain conditions. This is an important observation
as it suggests that dilatation is not an appropriate marker for heat release from a flame undergoing high
flame strain. At low strain-rate conditions heat release and dilatation are proportional; however, at high
strain-rate conditions strong thermal diffusion dominates the contribution from heat release, such that
heat release and dilatation are no longer proportional.
5.3 Plug Flow Reactor
The plug flow reactor simulations were conducted to analyze the effect of jet and crossflow
mixing on jet ignition behavior. Similar techniques have been employed for JICF auto-ignition analysis
by Fleck et al. [35] and Sullivan et al. [45]. In [45] auto-ignition of a fuel jet was examined numerically
by varying the amount of crossflow and jet - crossflow mixing in order to determine the mixture
conditions with the fastest ignition time, known as the most reactive mixture fraction. This method of
determining auto-ignition time was described in detail in the Introduction, Section 1.3. The autoignition analysis of a premixed fuel-air jet was conducted similarly to that described in [45], in that the
amount of crossflow dilution of the premixed jet reactants was varied in order to determine the most
reactive mixture fraction and shortest ignition delay time. The dilatation behavior was also examined
for the mixture conditions near the most reactive mixture fraction. Dilution of the premixed reactants by
crossflow fluid composed of hot products of lean combustion was observed to affect the adiabatic flame
temperature and total heat release, both of which, have been shown to affect the dilatation measurement.
The plug flow reactor calculations were conducted using CHEMKIN-PRO software. Three main
components were required to simulate the JICF auto-ignition, as pictured in Fig. 5.11: 1) jet and
crossflow inlets, 2) adiabatic, non-reactive homogenous mixer, and 3) plug flow reactor. As described
in Section 2.2, the equilibrium solver was used to determine the composition of the crossflow. The inlet
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temperature of the crossflow mixture was adjusted to 1500K to maintain agreement with the
experimental conditions. The jet and crossflow were mixed in the adiabatic, non-reactive homogenous
mixer. Dilution of the jet mixture was varied by maintaining constant jet mass flow rate and varying the
crossflow mass flow rate entering the mixer. The resulting jet-crossflow mixture exiting the mixer was
sent to the plug flow reactor for determination of the auto-ignition behavior.

Fig. 5.11: Configuration for plug flow reactor calculation.
In Fig. 5.12 plot of ignition delay time are shown for the lean, stoichiometric, and rich jet
conditions at various crossflow dilution levels. The dilution level corresponds to the fraction of
crossflow mass flow in the total jet and crossflow mixture, such that

̇ ⁄( ̇

̇ ). The ignition

delay time was computed using the same method described in [45]; τign is the time at which the
temperature is equivalent to

(

), where

temperature of the diluted jet mixture entering the plug flow reactor and

is the initial
is the maximum

temperature reached in the plug flow reactor for the given mixture. As shown in Fig. 5.12(a), there is a
steady decrease in τign from Z = 0.4 to 0.8. For Z < 0.4, auto-ignition was still possible; however τign was
beyond any practical time scale. For Z > 0.8, the change in τign with Z became much less drastic; this is
shown more clearly in Fig. 5.12(b). For each jet equivalence ratio there is a Z at which τign is minimum,
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this is referred to as the most reactive mixture fraction, or ZMR. Table 5.2 shows the results for ZMR and
τign,min for the different ϕj.
Table 5.2: Results from plug flow reactor calculations for
JICF auto-ignition analysis.
τign,MR [ms]
ϕj
ZMR
0.8
0.877
0.104
1
0.895
0.108
1.2
0.911
0.111

For determination of ZMR a 2nd-order polynomial function was fitted to τign for 0.84 ≤ Z ≤ 0.94.
The polynomial fit was differentiated to determine the location of the minimum and thus ZMR and then
τign,MR was calculated. The polynomial fits are overlaid on the CHEMKIN data in Fig. 5.12(b). The
fastest ignition time occurred for the lean jet mixture and the fastest ignition delay time for the
stoichiometric and rich jet conditions was approximately 4% and 7% longer, respectively. As expected,
ZMR occurred at highly diluted jet mixtures, where mixture initial temperatures were high due to high
crossflow fluid concentration. This behavior is in agreement with [21], [45]. With increasing ϕj the
most reactive mixture fraction moved toward more diluted jet mixtures, such that ZMR,ϕ=0.8 < ZMR,ϕ=1.0 <
ZMR,ϕ=1.2.
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Analysis of the inlet mixture temperature as a function of Z revealed that the lean jet mixture had
higher inlet temperature. Because cp of ethylene (1.53 kJ/kg-K at 300 K [77]) is higher than cp of air
(1.01 kJ/kg-K at 300 K) more heat is required to increase the temperature of the richer jet mixtures.
Because the enthalpy of the crossflow mixture was maintained constant for varying ϕj it is appropriate
that the inlet temperature of the lean jet-crossflow mixture was higher at each Z. The shift to higher Z
with increased equivalence ratio is a result of this behavior. Table 5.3 shows the predicted flame liftoff
heights using

at J = 5.2 and J = 22.7. The results show that the predicted liftoff

heights vary by only 0.006dj at J = 5.2 and 0.012dj at J = 22.7. The change in τign with ϕj was thus,
insignificant relative to the change in τign with Z.
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Table 5.3: Predicted flame liftoff height using τign. Liftoff
heights have been normalized by jet diameter dj.
J = 5.2
J = 22.7
ϕj
0.8
1
1.2

yflame/dj

yflame/dj

0.086
0.089
0.092

0.179
0.186
0.191

In analysis of the high speed chemiluminescence images in Chapter 4, there was no noticeable
difference between the location at which ignition kernels formed for the lean, stoichiometric, and rich jet
conditions. This is consistent with the τign calculations. The formation of these kernels were instead,
affected more strongly by windward flame liftoff height. As previously explained, for increased flame
liftoff heights, more jet and crossflow mixing upstream of the stable flame base allowed for autoignition. For the windward flame, the liftoff height was consistently higher and windward flame
blowoff occurred more frequently, and as a result ignition kernel formation appeared more frequently
for the lean JICF.
From the PLIF-PIV results presented in Chapter 4, it was observed that the rich and
stoichiometric flames were able to stabilize away from the shear layer in the bulk jet flow. In this region
of flame stabilization, it is safe to assume that Z is close to zero, as the combusting mixture will contain
mostly jet reactants. From the plot in Fig. 5.12(a) it is shown that as Z moves toward zero, τign can
becomes exceedingly large and eventually auto-ignition is no longer possible. At these low Z values it is
then appropriate to compare timescales between auto-ignition and flame propagation [78]. A flame
propagation timescale was determined using the relation

(

) , where α is the thermal

diffusivity evaluated at the location of maximum temperature gradient in the premixed laminar flame
solution. The respective τprop for the ϕj = 0.8, 1.0, 1.2 conditions are 0.768, 0.486, 0.477 ms,
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respectively. Assessment of τign in Fig. 5.12(b) confirms that τprop becomes faster than τign when 0.6 ≤ Z
≤ 0.8. This analysis confirms that premixed flame propagation is most likely the dominant flame
stabilization mechanism as the flame moves away from the shear layer. Furthermore, τprop for the ϕj=0.8
conditions is approximately 60% slower than it is for the stoichiometric and rich jet mixtures. The
stoichiometric and rich jet flame are able to move away from the shear layer faster, due to faster τprop;
whereas, for the lean flame jet flow velocities are still too high relative to τprop, and so the lean flame
remains anchored in the shear layer longer, where τign dominates.
Experimentally measured values of ignition delay time have been shown vary in comparison to
τign computed using homogenous reactor simulations. Experimental τign has been shown to vary
significantly from τign computed using ZMR [35], [78]. In Table 5.2, the value of τign,MR is in good
agreement with the experimental ignition time shown in Chapter 3 for the J > 5.2, ϕj=1.2 JICF. The
experimental ignition delay time for the J > 5.2 JICF is approximately 0.04 ms longer. In Chapter 3,
dilatation was used to determine the flame location and it has since been shown that dilatation is not
accurate for determining flame location when the flame resides in the shear layer. Thus the slightly
higher experimental ignition delay time is most likely a result of error associated with using dilatation.
Re-evaluation of experimental τign could not be determined using the PLIF-PIV results, as the entire
JICF flow field was not imaged; however, resolving the flame in the shear layer with PLIF imaging
would lower τign such that it is possible that the experimentally and numerically computed values of τign
may even be in closer agreement.
Analysis of the auto-ignition and plug flow reactor simulations also confirm why the JICF liftoff
height cannot be determined by simple scaling, as conducted in Chapter 3. The wide range of ignition
timescales with varying Z suggest that the timescale associated with flame liftoff is highly dependent on
the local flow conditions at the leading flame edge. Similarly, flame propagation timescales must also
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be considered; proper characterization of the JICF flame propagation time scale also requires knowledge
of the local mixture conditions as well as flame stretch behavior. As stated in [53], development of
liftoff correlations for jet flames in highly heated vitiated crossflow is a difficult task and cannot be
accomplished by considering only the global flow/mixture conditions. The JICF flame stabilization is
highly coupled with local flow conditions and thus scaling of liftoff requires consideration of these
instantaneous conditions.
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been normalized by peak dilatation from the laminar, unstretched flame calculations
(Table 5.1).

In Fig. 5.13(a), peak dilatation profiles, normalized by unstretched, laminar flame peak
dilatation, are shown as a function of Z for the varying ϕj conditions. As expected, peak dilatation
decreases with increasing Z. This is due to decreasing heat release and Tad caused by decreasing fuel
mass fraction with increasing crossflow dilution. For analysis of

⃗ , plots of normalized δT and qmax

are shown in Fig. 5.14. The thermal component of diffusion was examined using δT. As shown from
the counterflow simulations, smaller δT corresponded to higher thermal diffusion effects. For the auto140

igniting mixture, δT increased significantly with increasing dilution. The overall temperature increase of
these highly diluted mixtures was small 100 K < ΔT < 600 K, so that the resulting temperature gradient
was also small. The decrease in peak heat release was also drastic at low Z, such that near ZMR peak
heat release was nearly reduced by 80% from the laminar flame condition. The increase in δ T was more
significant than the decrease in qmax; and thus, for Z near ZMR

⃗ dominated by heat release such that

⃗ and qmax were proportional.

peak
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Fig. 5.14: (a) Plot of δT versus Z and (b) Plot of qmax versus Z. All quantities have been
normalized by corresponding laminar, unstretched flame quantities (Table 5.1).

5.4 Conclusions
In this chapter laminar flame computational analyses were performed for analysis of dilatation
and auto-ignition for the premixed reacting JICF. One-dimensional premixed flame simulations were
performed to validate the dilatation-ideal gas relation presented in Section 2.4.2. The dilatation of the 1D unstretched premixed flame was observed to peak, spatially, before the location of peak heat release.
High heat loss from the flame at the location of peak heat release was the cause for the offset in peak
location. Dilatation from counterflow flame simulations was calculated after establishing confidence in
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the dilatation equation from the premixed flame simulations. The strain-rate was increased for the
counterflow flame configuration to determine the effect of strain-rate on dilatation. Increasing strainrate caused the flame to move toward the stagnation plane. As the flame location became more
restricted with increasing strain-rate, temperature gradients increased significantly such that thermal
diffusion effects dominated heat release effects in the calculation of dilatation. Thus, at low strain heat
release and dilatation were proportional, however at high strain rate locations this was not the case.
Analysis of JICF auto-ignition behavior was conducted using plug flow reactor simulations. The
results showed that auto-ignition delay time was minimally affected by jet mixture equivalence ratio at
highly diluted mixture conditions, where the mixture was approximately 90% crossflow. The minimum
ignition delay time slightly increased with increasing equivalence ratio, however, between the lean and
rich conditions minimum ignition delay time varied by only 7%. The most significant changes in
ignition delay time occurred for varying crossflow dilution levels. At low crossflow dilution levels, the
flame propagation time scale was faster than the ignition time scale. For the lean jet mixture, the flame
propagation timescale was approximately 60% slower than for the stoichiometric and rich jet conditions.
This confirmed why the stoichiometric and rich jet flames moved away from the shear layer and the lean
jet flame did not. Experimental ignition delay times calculated for the ϕj=1.2 JICF were in close
agreement with the numerically calculated values. Difference between the two can be attributed to
errors associated with using 2-D dilatation for identifying flame location.
Crossflow dilution also affected dilatation; high crossflow dilution led to low heat release, and
thus low dilatation. In the region near the most reactive mixture, dilatation and heat release were
proportional, as thermal diffusion effects were minimal. The dilatation results provided insight into the
flame behavior for the JICF configuration. Ultimately, both dilatation and crossflow dilution reduced
dilatation. For flame anchoring in the shear layer, where agreement between heat release and dilatation
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was not observed, strain-rates and jet-crossflow mixing rates are expected to be high. At these
conditions, decrease in dilatation, in combination with out-of-plane effects (flow divergence in the out of
plane z-direction), both contribute to the lower dilatation measurements along the JICF shear layer.
While the three-dimensional dilatation measurements would help to improve the accuracy of dilatation
measurements, local strain-rate and mixture conditions must be characterized at the flame location in
order to accurately determine the heat release behavior from dilatation.
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CHAPTER SIX
6. Conclusions & Future Work
6.1 Summary
Increased awareness of global climate change has led to a strong initiative toward developing
new low-emission gas turbine combustion technology. The new generation of combustion technology is
moving toward lean-premixed systems that operate in regimes where production of harmful NOx
pollutants is low. There are many challenges associated with building such combustors, and so
currently, extensive research is being conducted to understand how to safely incorporate LPM
combustion into the new gas turbine technology. The premixed reacting JICF configuration presented in
this dissertation is one such example of the research being performed on LPM combustion.
In the experiment, a high temperature vitiated crossflow composed of fuel-lean combustion
products was used to replicate practical engine conditions. The jet-to-crossflow momentum flux ratio J
and jet equivalence ratio ϕj were the primary jet parameters investigated for characterization of the
premixed JICF system. The results shown in this thesis are among the first ever for a premixed JICF.
The analysis of the premixed JICF system was divided into three points of interest: (1) flame
stabilization behavior, (2) reacting JICF flow field characterization, and (3) computational modeling.
The experimental analyses were conducted using a variety of diagnostic techniques, including: high
speed chemiluminescence imaging, high speed particle image velocimetry, and simultaneous CH2O, OH
planar laser induced fluorescence and particle image velocimetry. Each diagnostic technique provided
for flame visualization and the PIV measurements allowed for characterization of flame-flow field
interaction. Computational modeling of laminar flame behavior provided insight into flame ignition and
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propagation timescales, as well as, provided for assessment of using dilatation as a marker for heat
release. In the following sections a summary of the major findings from each research point of interest
is presented. Following the result summaries, suggestions for future work on the premixed JICF are
provided.
6.1.1 JICF Flame Stabilization
The primary task in this dissertation was to gain a strong understanding of the flame stabilization
behavior for the premixed jet in vitiated crossflow. While a high number of similar investigations have
been performed for non-premixed JICF, the premixed JICF is still a very novel concept. The premixed
flame behavior was analyzed as a function of two parameters: jet-to-crossflow momentum flux ratio J
and jet equivalence ratio ϕj. The experimental values of J ranged from 5.2 to 22.7 and lean (ϕj=0.8),
stoichiometric (ϕj=1.0), and rich jet (ϕj=1.2) jet equivalence ratios were examined. The high
temperature vitiated crossflow conditions provided for auto-ignition of jet reactants, such that the flame
stabilization behavior could not be characterized solely by premixed flame propagation. Similarly,
differences in flame stabilization behavior at different locations in the flow field mean that there was not
a single controlling stabilization mechanism for the entire JICF flame.
High speed chemiluminescence imaging was the first diagnostic technique employed. The timeresolved imaging allowed for visualization of CH* emission from the JICF flame. From these
measurements the first observations of different windward and leeward flame stabilizations behaviors
were made. The leeward (downstream) flame stabilization was consistent, as the flame anchored to, or
slightly lifted from the jet exit. The windward (upstream) flame stabilization exhibited highly unsteady
behavior; including full flame attachment, lifted flame behavior, and windward flame behavior. The
unsteady windward flame showed a stronger dependence on J and ϕj than the leeward flame. Increasing
J led to increased flame liftoff height and increased frequency of auto-ignition kernel formation
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upstream of the windward flame edge. Increasing ϕj resulted in more slightly more stable flame
behavior, as windward blowoff occurred most frequently for the lean flame condition. An attempt was
made to determine a timescale for the ϕj = 1.2 windward flame liftoff; however no trends was observed.
Further flame analysis was performed on the ϕj=1.2 JICF using high speed particle image
velocimetry. The flame location was identified using the 2-D dilatation computed from the velocity
field. Strong flow recirculation in the jet wake suggested that stabilization of the leeward flame was
supported by the presence of high temperature crossflow and combustion products. Alignment of the
leeward flame shear strain-rate probability distributions at varying J supported previous observations
that leeward flame stabilization has similarities to counterflow flame behavior. The windward flame
stabilization behavior could not be characterized by average flame behavior like the leeward flame;
instead, analysis of instantaneous flame and flow field behavior was required for windward flame
stabilization characterization. Alignment of experimental ignition delay time and strain-rate probability
distributions suggested that auto-ignition was the most likely stabilization mechanism for the J > 5 JICF.
At the J = 5 condition, a narrower probability distribution in experimental flame propagation time
suggested that both premixed flame propagation and auto-ignition assisted in flame stabilization. This
lower J condition was also the only condition at which the jet could fully attach to the jet exit;
confirming the premixed propagating flame observations.
Detailed visualization of the lean, rich, and stoichiometric JICF flame structure was
accomplished using simultaneous CH2O and OH PLIF. Pixel-by-pixel multiplication of the CH2O and
OH PLIF images allowed for identification of the heat release zone. Along the windward flame branch
three different behaviors were observed: (1) attached flame, (2) lifted flame, and (3) lifted flame with
extended upstream CH2O formation. The presence of CH2O well upstream of the lifted windward flame
further confirmed that auto-ignition assisted in windward flame stabilization. Thickened preheat regions
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and thickened flame regions were also observed along the windward flame branch. The thickened
preheat regions suggested buildup of CH2O in vortex cores where jet and crossflow mixing times were
long. The thickened heat release regions suggested flame folding around vortex structures, as well as
possible merging between ignition kernels and thin flame branches. Along the leeward flame branch the
flame structure was more consistent, with no observations of localized preheat/heat release zone
thickening.
Simultaneous CH2O, OH PLIF and PIV measurements confirmed the interaction between the
windward flame and jet shear layer vortices. Large vortex structures had a stronger effect on heat
release zone thickening, while smaller vortices often only caused thickening of the preheat zone. Along
the thickened heat release zone flame strain was low; however along the thin flame braids that extended
from the thickened heat release region flame strain was significantly higher. Cusp formation was also
observed along the flame surface during the flame-vortex interaction, and resulted in strong negative
curvature. Both the windward and leeward flames anchored in the shear layer; and observation not
previously realized from high speed chemiluminescence or high speed PIV measurements. Away from
the flame anchoring locations the leeward flame and rich and stoichiometric windward flames were able
to separate from the shear layer such that they resided in the bulk jet flow. This suggested that flame
stabilization was divided into two different regimes. In the first regime, flame anchoring in the shearlayer, jet and crossflow mixing is important for flame stabilization suggesting auto-ignition is most
likely the dominant flame stabilization mechanism. In the second regime, flame anchoring in the bulk
jet flow, jet and crossflow mixing is low, such that premixed flame propagation is the dominant flame
stabilization mechanism.
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6.1.2 JICF Reacting Flow Field
High speed particle image velocimetry measurements were conducted to analyze the differences
between the non-reacting and ϕj=1.2 reacting jet in vitiated crossflow. For non-reacting JICF, the
velocity decay along the jet centerline was steady, and scaled well with free jet centerline velocity
decay. For reacting JICF, there was a distinct location along the jet centerline at which high dilatation
generated by heat release led to an increase in jet centerline velocity; this resulted in increased
penetration for reacting jets relative to the non-reacting jets. Until the centerline streamline crossed the
flame front, the non-reacting and reacting jet trajectories aligned. Velocity increase due to heat release
also led to higher vorticity along the reacting windward and leeward shear layers. The presence of
combustion products in the jet wake affected the formation of the upright wake vortices that are
characteristic of non-reacting JICF. At the higher J values, increased flame liftoff resulted in jet near
field behavior that resembled the non-reacting flow field. Thus, at these high J upright vortices were
observed in the jet wake.
Confinement effected jet penetration; as J increased, and jet penetration increased, differences
between non-reacting and reacting jet penetration were minimized. Classic JICF trajectory correlations,
developed from non-reacting JICF experiments, were unable to properly predict the highly confined
non-reacting and reacting JICF penetration behavior. Two new experimental correlations were
developed to describe the trajectory behavior of the non-reacting and reacting JICF, respectively. Both
correlations were asymptotic to account for the maximum jet penetration set by the lateral confinement.
In all, the flowfield analysis results confirmed that non-reacting JICF scaling laws cannot be used for
characterization of reacting JICF behavior and that confinement has a strong effect on the JICF
flowfield.
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6.1.3 Computational Modeling
Simulations for analysis of JICF auto-ignition and flame propagation behavior were conducted
using CHEMKIN-PRO. The auto-ignition behavior was examined by changing the amount of crossflow
dilution in the jet mixture and then determining the time it took the diluted mixture to ignite. The results
showed that fastest ignition delay times were for mixtures with high crossflow dilution, were crossflow
fluid made up approximately 90% of the total mixture mass flow rate. The lean jet had the overall
fastest ignition time; however, the change in ignition delay time between the varying equivalence ratios
was insignificant compared to the change in ignition time with dilution level. A flame propagation
timescale was also determined for each jet mixture using one-dimensional premixed flame
computations. These analyses showed that the stoichiometric and rich jet mixtures had much faster
propagation timescales than the lean jet, by approximately 60%. The faster propagation timescales
confirm that flame stabilization away from the shear layers is a result of premixed flame propagation.
These timescales also suggest that the lean flame is more coupled with the shear layer, because of its
slower propagation speed.
Computational analyses were also performed to examine if dilatation can accurately be used as a
marker for heat release. In the JICF experimental results it was shown that there was generally good
agreement between heat release and dilatation when the flame resided away from the shear layer.
However, when the flame stabilized in the shear layer the dilatation was not representative of the heat
release. Computational analyses were first conducted for a one-dimensional premixed flame, which
confirmed that both thermal diffusion effects and heat release contribution to dilatation in reacting
flows. The dilatation aligned spatially with the temperature gradient; however at low flame strain
conditions dilatation and heat release decay were proportional. At higher flame strain conditions, the
increase in temperature gradient (and subsequent thermal diffusion) dominated the effects of heat release
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such that heat release and dilatation were no longer proportional. Overall, high strain led to a decrease
in peak dilatation compared to the unstretched laminar flame condition. At high jet dilution levels,
where auto-ignition time scales were fastest, dilatation and heat release were proportional; as
temperature gradients were very low. Peak dilatation in these highly diluted mixtures was greatly
reduced, relative to the undiluted jet reactant mixture. In the experiment, strain-rate and reactant dilution
was high when the flame stabilized in the shear layer, and as a result the dilatation caused by
combustion is low. In the windward region, the low dilatation generated by combustion was dominated
by strong out-of-plane flow effects which resulted in negative dilatation.
6.2 Future Work
Suggestions for future work on the premixed JICF configuration are divided into two sections:
suggestions for future experimental measurements on the existing configuration and suggestions for
future studies of different experimental parameters.
6.2.1 Additional Measurements


The simplest measurements that could be taken to improve the premixed JICF analysis are full
field of view simultaneous CH2O, OH, and PIV measurements. In the work conducted for this
dissertation, laser scatter off the test section floor did not allow for PLIF measurements close to
the jet exit. Though the PLIF ROI used was well within the region where auto-ignition kernels
were observed, it would still be beneficial to have imaging closer to the jet exit. Full field of
view images would also allow for simultaneous imaging of the windward flame branch and
leeward flame branch. These images would be useful for analysis of behavior near the flame tip.



Further understanding of the jet flame stabilization behavior could be accomplished by obtaining
measurements of the local mixing behavior between the jet reactants and crossflow fluid. Such
measurements would help to determine how different J values affect the jet and crossflow
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mixing prior to combustion. Additionally, quantification of local mixtures would help to
determine what mixture conditions lead to auto-ignition. These measurements would be useful
for comparing with the computational auto-ignition analysis.


Dual-plane PIV measurements would also be useful for the premixed JCIF experiment.
Characterization of the out-of-plane flow behavior along the jet centerline would allow for a
more detailed analysis of the dilatation generated by the reacting flame. These measurements
would provide a useful counterpart to the computational analysis performed for analysis of
dilatation as a marker for heat release.

6.2.2 Flame Stabilization Experiments
The novelty of the premixed JICF means that there are still many different experiments that
would make for useful investigations. Some of these ideas include:


Characterization of the flame stability limits. In this thesis one lean, one rich, and
stoichiometric jet conditions were examined. Investigation of the JICF flame stability limits
could be conducted by decreasing equivalence ratio beyond 0.8 to determine the equivalence
ratio at which flame stabilization is no longer possible. In addition, characterization of the
flame stabilization location at these leaner jet equivalence ratios would be useful for
understanding LPM combustion behavior.



Varying jet turbulence intensity to determine how auto-ignition and flame propagation behavior
are affected. It is possible that increased mixing between jet and crossflow as a result of
increased turbulence would assist in flame anchoring. Similarly, turbulence intensity could
improve the propagation characteristics when the flame resides away from the shear layer. It
would be interesting to determine if, at high turbulence levels, local flame extinction events
occur.
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Examination of jets with higher inlet temperature. Preliminary results, not presented in this
thesis, suggest that increasing jet inlet temperature can significantly decrease flame propagation
timescales, while minimally affecting ignition delay time, from the jet ambient conditions.
Thus, heated jet conditions would help to isolate the effect of propagation speed on flame
stabilization.
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